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name, trademark, manufacturer, or otherwise, does not necessarily constitute or
imply its endorsement, recommendation, or favoring by the United States
Government or an agency thereof. The views and opinions of authors
expressed herein do not necessarily state or reflect those of the United States
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ABSTRACT

The objectives of the Helical Screw Expander Cvaluation Project were to
evaluate and characterize a 1-MW helical rotary screw expander power system for
electric power generation from geothermal brine. The technology explored in the
testing is simple, potentially very efficient, and ideally suited to wellhead
installations in moderate to high enthalpy, liquid-dominated fields. A func-
tional 1-MW geothermal electric power plant that featured a helical screw
expander was produced and then tested in Utah in 1978-79 with a demonstrated
average performance of approximately 45% machine efficiency over a wide range of
test conditions in noncondensing operation on two-phase geothermal fluids. The
Project also produced a computer-equipped data system, an instrumentation and
control van, and a 1000-kW variable load bank, all integrated into a test array
designed for operation at a variety of remote test sites.

The test data are known to be valid but they characterize an expander having
large internal clearances or leakage passages past the rotors which, contrary to
plan, did not close with scale deposits during the testing. Analysis of the data
showed that the expander efficiency is a strong function of load, a weak function
of inlet steam quality and of pressure ratio across the expander, and independent
of throttle position. The efficiency is fairly flat above one-quarter load.

Test conditions included inlet pressure ranging from 84 to 258 psia, inlet steam
quality of 0 to 99%, linear throttle position from 7 to 100% open, output shaft
load of 0 to 1059 kW, with output shaft or male rotor speed of 3000 rpm. The
exhaust pressure was atmospheric at about 12 psia except for a few tests
performed at exhaust pressures of 27 to 30 psia.

Additional testing was performed in Mexico in 1980 under a cooperative test
program using the same test array, and machine efficiency was measured at 62%
maximum with the rotors partially coated with scale, compared with approximately
54% maximum in Utah with uncoated rotors, confirming the importance of scale
deposits within the machine on performance.

Data are presented in this report for the Utah testing and for the noncon-
densing phases of the testing in Mexico. Test time loggea was 437 hours during
the Utah tests and 1101 hours during the Mexico tests. Ultimate performance data
for the helical screw expander must await the testing of this or another machine
with the internal clearances substantially reduced.
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SECTION I

INTRODUCTIGN AND SUMMARY

A. INTRGOUCTION

This document is the Final Report of a project sponsored by the United
States Government to evaluate and characterize a 1-MW helical rotary screw
expander power sysiem for electirical power gencration from gesthermal brine
(Figure 1-1). This report was prepared -)d submitted by the Jet Propulsion
Laboratory (JPL) in compliance with the .ateragency Agreement No. DF-AIO}-
76ET28329, amended, (formerly Interagency Agreement No. EX-76-1-01-1000) between
the United States Department of Energy (DUE) and the National Aeronautics and
Spa;e Administration (NASA) as implemented by JPL under NASA Task Order RD-176,
NAS7-100.

Prior to this Project, the helical screw expander (HSE) power system had
undergone development by Hydrothermal Power Co., Ltd. (HPC) and Roger S. Sprankle
(Sprankle) who conceived the idea of adapting a Lysholm-type machine to wellhead
service on two-phase fluids as a means of exploiting liquid-dominated geothermal
energy resources. The development work was dore with a 50-kW prototype system;
the prototype power plant is shown in Figure 1-2. The main purpose of this
Project was to obtain credible data to enable industry to make its own determini-
tion as to the commercial suitability of the HSE power system for geothermal
utilization in the machine's present state of deveiopment. The 1-MW HSE power
system used in the evaluation was procured from HPC, and HPC operated the power
system under contract to JPL during the evaluation testing in 1978 and 1979. The
testing was limited to noncondensing operation at 3000 rpm using fluid from Well
54-3 in the Roosevelt Known Geothermal Resource Area (KGRA), Utah, through the
courtesy of Phillips Petroleum Company (Phillips).

Tt test results must be considered as preliminary because the production ..
final disensions within the test HSE reguires t'ie deposition of scole internally
in amounts which did not occur during the tests. Therefore, a d¢ initive per-
formance evaluation of the HSE and the power system was not possible. However,
the Helical Screw Expander Evaluation Project has produced a functional 1-MW
geothermal electric powe:r plant featuring a helical screw exoander with a demon-
strated performance of better than 50% machine efficiency over a range of test
conditions in noncondensing operation on two-nhase geothermal fluids, a
computer-equipped data system, an instrumencation and control data van, and a
1000-kW variable load bank, a1l integrated into a test array designed for opera-
tion at a variety of remote test sites. The Project has also produced an operat-
ing and maintenance manual for the power plant (Ref. 1), a manual for the test
support equipment (Ref. 2), a data system hardware and calculation manual
(Raf. 3), a complete computer program manual for logging, displaying and

1-1



(KBusu3 jo wewiJedaqd ey Jo As934103)

WRISAS Jamog Japuedxd MaJO§ | fipat mwmmwm

PAGE

ORIGINAL

g
g
S
b
o
e oy
=
£3
=
=%
o
o
=
i
o




*uis8A%S SuG SSNOSLP Bunuwedey
; * : ) P fsyiad
OLaNA 5,140 pue apjuedds °§ i8boy JOjuBAUL s3ubL{pO0DL DU
pBO{ 93URI5158J ‘UOLjBRIUBWNIYSUL fodaaanh fwaysds uoLIeD LN mmuuww *
s Jojesauab D1J10319 ‘x0q Jpab ‘iapuedxs uilm 379 dwon waisAs Jemod 3J5H G BION

Wa1SAS JDMO4 JBpuROX] MBJDS [EDL[AH 8dA10304d {yAd 6°29) MA-0% "2-1 aJanbid

Y

RAPH

3
o0
s
2
e
o

Bl

#

ALK




analyzing test data (Ref. 4), 151 sets! of field test performance data selected
under steady-state conditions, and information on the operating characteristics
of the HSE over a broad range of operating conditions presented in this Project
Final Report. In addition, this Project has provided added experience for tech-
nical specialists from JPL and from HPC. It has inspired the continued partici-
pation of the DOE Division of Geothermal En~rgy (DOE/DGE) and the two technical
specialists in a cooperative Internationa’ st and Demonstration Programme
(Programme) roquested by the national electi . utilities of Mexico, Italy and New
Zealand. A test program has already been conducted in Mexico, and similar test
programs will be conducted in Italy and ther in New Zealand, under the auspices
of the International Energy Agency (IEA).

The preparation of this Project Final Report presenting the results of the
testing in Utah was rescheduled to begin after the testing in Mexico became
routine so that it would not delay the testing. This has led to the opportunity
to include in this report an additional 62 sets of data for the noncondensing
testing of the HSE performed in Mexico in 1980. These data include a peak
measured machine efficiency of 62% with the rotors partially coated with scale,
confirming the importance of scale deposits within the machine on machine
performance. The testing in Mexico by the Comision Federal de Electricidad (CFE)
using the test array from Utah, the gathering of data in a format compatible with
the prior work, and the JPL analysis and presentation of these data here in the
format developed for the Utah data, all help to demonstrate the suitability and
versatility of the equipment and methodologies developed for this Project. It
also served as an example which can be followed throughout the Programme. Data
for preliminary condensing testing performed in Mexico in 1981 are not presented
in this report, nor is a discussion of the 1980 testing included. A summary
report by JPL, based on reports by each of the countries, has been scheduled
following the completion of the Programme. The participation of JPL in this
cooperative Programme is by Interagency Agreement No. DE-A103-79ET37116 between
DOE and NASA under NASA Task Order RD-152, Amendment 226, NAS7-100.

B. SUMMARY

The HSE Project is important because it deals with a geothermal utilization
technology which is simple, potentially very efficient, and ideally suited to
wellhead installations in moderate to high enthalpy liquid-dominated fields. The
general objective of the Project was to provide credible information so that the
geothermal community can make its own assessment of the commercial suitability of
this technology.

1 one set consists of the averages of a group of complete data samples: a
typical group contains approximately 15 samples of 43 data channels.



The primary technical objective of the Project was to determine the
performance of the HSE, in the field, over a wide range of operating conditions
simulating a variety of geothermal wells. The main purpose of the fiLld tests
was to determine engine efficiency, operating characteristics and equipment
durability for noncondensing operations.

This Project was formulated by JPL in close association with Sprankle for
the program objectives of National Science Foundation (NSF). A primary NSF pro-
gram objective was the acceleration of geothermal energy utilization for electric
power production from liquid-dominated resources. This appeared possible by
drawing on the background technology of Sprankle and HPC. Government sponsorship
passed from the NSF to the Ener~y Research and Development Administration (ERDA)
to DOE/DGE.

Several organizations participated in this Project. Most notable were HPC,
JPL, Phillips, AAA Welding, Inc., Peiffer and Associates, and Wahl Co. HPC fab-
ricated, installed, operated and maintained the HSE power plant and assisted in
the test site selection, test planning and testing, all unaer JPL contract and
direction. JPL managed this Project, designed and fabricated, or assembled, the
test support equipment, selected a test site, designed a test process and plan,
directed and monitcred the field installation, conducted the testing, and parti-
cipated in the data analysis. Phillips donated the use of its geothermal flow
test facility (FTF) at Roosevelt Hot Springs, Utah, and supplied the piping
drawings and hardware at cost. AAA Welding, Inc. installed the pipirg under the
co-supervision of -onsultant Lee Peiffer of Peiffer and Associates and JPL.
Dr. E. F. Wahl of dahl Co. wrote the computer programs for instrument calibra-
tion, test operation and data analysis. He also did data system trouble-+ Joting
and repair in 1979, and performed much of the data analysis. Earlier, with
associates at Occidental Research Co., Dr. Wahl supplied process erjineering
support and cost estimates.

As part of the Project proposal marketing, JPL participated with HPC in the
demonstration testing of the HPC 50-kW HSE pr-totype power system, at two sites
in the Imperial Valley of California, in 1974. This project to evaluate the
1-MW HSE power system, or power plant, began in September 1975.

Fabrication of the 1-MW HSE power plant, Model 76-1, by HPC, began in March
1976 after a period of design and design review. fabrication shop preparation,
component procurement actions and approvals, and the _stablishment of quality
control and other procedures required by JPL. The tabrication was completed in
August 1977, and the plant was subjected to acceptance testing by HPC and JPL the
same month. The testing was done to check the static and dynamic performance of
the power plant and its subsystems, and the interfacing with test support equip-
ment provided by JPL. The test support equipment included a computer-based data
acquisition system, and a means of remote contro! and monitoring of the power
plant. The test support equipment was designed and built or purchased by JPL
during the fabrication of the power plant.

1-5



A series of dynamic tests, in August, September and October, accomplished by
driving the HSE with compressed air, revealed design weaknesses in the governor
drive, the shatt seal assemblies, and the timing gear lubrication in the HSE.
After making repairs, acceptance testing was complieted December 4, 1977, when the
HSE power plant met all the test criteria during 4 hours of continuous
operation.

After the in-place delivery of the power plant to JPL, modifications were
maa: to an electrical distribution panel to match the process needs at the Utah
t.s: site. The Utah site had been selected after a site survey made by JPL and
H’C during the period of equipment fabrication. A test process was designed to
use *luids from Phillips’' Well 54-3 after the fluids had passed through a separa-
tor 1n the FIF. The main purpose of the FTF during 1978 was the evaluation of
the seothermal reservoir, and during 1979 the main purpose was the development of
prodi ction techniques by Phillips. The pressure and flow rates of the fluids
avai able to this Project were determined by the design and test conditions of
the TF. The design and operation of the HSE test facility was strongly
infl_ enced by the FTF design and test conditions. Long piping runs and waste
disposal equipment dictated by the FTF required the expenditure of Project funds
oriqinally planned for condensing testing.,

Site preparation began in December 1977. Piping hardware began to arrive at
the site that seme month, and the HSE power plant and test support equipment
arrived during February 1978. The process piping installation began in January
and was completed by the middle of March, at which time all of the equipment was
in-place, installed and ready for use. Relatively moderate winter weather at the
6°00-foot altitude of the test site, resulting in fewer storms than normal, aided
in the preparations.

The 1978 * sting was conducted during the period of March 16 through May 30.
Durinj Lhis period, testing of the HSE under full power and with scale deposited
on the rotors was precluded by the operating conditions of the FTF. Both condi-
tions, full power and scale deposited on the rotors, were necessary for an ade-
quate evaluation of the HSE. However, these initial tests revealed weaknesses in
the design of :he HSE most notably the shaft seals. The design weaknesses were
strengthened, new parts were installed, and operating conditions of the FTF
desirabl: for testiny “he HSE were planned by Phillips for the 1979 operations.
Verification tec *1q of the HSE during the period of October 12, 1979 through
November 14, *979 confirmed the adequacy of the design and installation of the
new narts. U Jortunately, a well "blowout" in the FTF occurred during test
preparation,, the planned operating conditions of the FTF werc not achieved, and
an adeaqt..te evaluation of the HSE was not possible.

In advance of the 1978 testing, the DOE/DGE, guided by its advisory
.ommittees, classi“ied this Project as low priority and scheduled it for termina-
tion. however. .nese tests generated consicerable interest in Mexico, Italy, New
Zealand and »tner countries, and it was decided that CFE, Mexico, Ente Nazionale
per 1'Faergia Elettrica (ENEL), Italy, and the Ministry of Works and Development
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(MWD), New Zealand, would test the machine in each of these three countries under
the auspices of the IEA, with the continued participation of DOE/DGE, JPL and
HPC. It is for this reason that the overhaul and 1979 testing were performed.

In support of the proposed teting by CFE in Mexico, JPL performed an analysis of
two proposed test sites at Cerro Prieto, Mexico, and, with HPC, prepared process
designs and cost studics for several test options there. This advance planning
support was done during the preparation for the 1979 testing in Utah as part of
this Project In November, after the testing in Utabh, the HSE power plant and
test support equipment were disconnected and loaded -or shipment to Mexico,
arriving at Cerro Prieto for unloading on December 1, 1979,

The Model 76-1 HSE is a positive displacemert Lysholm-type machine adapted
from the technology of the compressor industry. It was designed for wellhead
operation on brine and steam mixtures which deposit scale. Some scale deposit is
desirable, but only in controlled amounts. In order to accommodate and control
the expected scale deposits, it was built with rotor-to-rotor and rotor-to-case
clearances which would be excessive for conventional application. Earlier field
experience with the prototype had shown that scale deposits can close these
clea "ances during operation. Until they close, these clearances allow sufficient
leakage to impair the performance significantly. This is illustrated by
including in this report the 1980 Mexico test data which show a maximum perform-
ance measurement of the machine efficiency of 62% at Cerro Prieto, Mexico, with
the rotors partly scale-clad, as compared with a machine efficiency of approxi-
mately 54% measured in Utah under similar test conditions, but with the rotors
still bare. The efficiency improvement is believed to have resulted from leakage
reduction by the scale. Since the fluid properties and test time available in
Utah left the rotors nearly bare throughout the testing there, the Utah perform-
ance data are quantitatively irrelevant to the HSE evaluation. Unfortunately,
the combination of the process configuration and the test time available in
Mexico did not permit complete scaling of the rotors there either, and the
performance potential was still unknown at the end of the testing in Mexico.

The Utah test conditions included an inlet pressure to the expander of
84 psia to 258 psia, inlet steam quality of 0 to 99%, electric load of 62 to
1002 kW, shaft output power of 101 to 1059 kW, and a male rotor spee.! of
I.dC v pm,  The expander exhaust pressure was mostly atmospheric at about 12 psia.
Some tasting was performed at exhaust pressures of 27 to 30 psia. When it was
found during the 1979 testing that process conditions planned for scale deposi-
tion within the expander were not available from the FTF, attempts were made to
deposit calcium carbonate on the rotors by injecting calcium chloride solution
into the inlet of the expander as an aid to the performance evaluation. The
results showed little success, possibly because of the presence of scale inhib-
itor injected into the fluids at the wellhead by Phillips during much of the
testing. Enough scale was deposited on the rotors to confirm that the machine
efficiency increases with a decrease in the leakage clearances. The 1979 testing
also confirmed that the design improvements in shaft seals, throttle control,
fluid entry control and noise level were all successful.
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The 1978 and 1979 testing was for noncondensing operation at a male rotor
and output shaft speed of 3000 rpm, with essentially bare rotors. An analysis of
the test data shows that the machine efficiency of the HSE is a strong function
of shaft output power, and a weak function of inlet steam quality and pressure
ratio across the expander. The efficiency is independent of throttle positicn
and fluid throughput. These test results, in conjunction with the 1980 Mexico
data for the same rotor speed, show conclusively that testing of the HSE under
scale-forming conditions, with the rotors and case interior coated to the
limiting dimensions, is necessary to determine the efficiency and performance
characteristics of the HSE. Under those conditions, the optimum speed of the
rotors and the effects of condensing operation should be determined, along with
the durability of the components. The test results here should be considered as
encouraging and appear to justify additional testing of the HSE.

C. BACKGROUND

This Project was based on the prior work of Sprankle and HPC during the
period 1971 through 1973 and on the geothermal program objectives of NSF in the
period immediately following. The idea of applying a Lysholm-type positive
displacement machine to two-phase flow geothermal service was conceived by
Sprankle in January 1971, and was confirmed during approximately 400 hours of
testing of a 4-inch rotor machine on Well M-10 at Cerro Prieto, Mexico, during
October of that year. The test results were submitted to CFE in an unpublished
paper, and the new concept was promoted by HPC in a bulletin distributed at the
first Geothermal Resources Council Symposium in Brawley, California, in February
1972. Sprankle filed for a use patent with the United States Patent Office and
formed HPC, with himself as general partner, to exploit the concept. Patent
No. 3,751,673 was granted to Roger S. Sprankle on August 7, 1973 and subsequently
was signed over to HPC,

During 1972, HPC developed and tested a 50-kW prototype HSE power plant by
adapting a Gardner-Denver compressor with 6-inch rotors. The testing and much of
the development work were done at Well M-7, Cerro Prieto, Mexico (see
Figure 1-2). As with the prior testing, the HSE demonstrated the ability to
operate on the two-phase flow of untreated geothermal fluid directly from the
well. Scale deposition occurred within the machine in amounts limited by the
abrading action of the rotors on one another and on the housing. The scale
deposits provided corrosion protection for otherwise exposed surfaces and
improved the machine efficiency by reducing leakage past the rotors. Although
successful, the prototype expander was not a true geothermal machine, only an
adapted compressor, and was not suitable for endurance testing or intensive
performance evaluation. However, it did serve as the basis for the conceptual
design completed by HPC for a small commercial-size HSE geothermal power plant.

In 1973, the Office of Management and Budget assigned to NSF the role of
lead government agency dealing with geothermal energy. In addition to
coordinating the relevart work of all other government agencies, NSF included a
geothermal program in the Research Applied to National Needs (RANN) directorate.
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JPL became aware that this program included accelerating of the production of
electricity from hot geothermal brines containing minerals which impeded the
development of utilization technology. Accordingly, JPL made a comprehensive
survey of the utilization technology as it existed in the fall of 19/3, and
concluded that the HPC technology was a likely candidate for acceleration. The
concept had been verified with good results, and the prime mover which was
embodied in the technology was a derivative of compressors built by an estab-
lished industry. No technological breakthrough was necessary. Moreover, in the
context of RANN and the NSF-assigned role in geothermal advancement, the liaison
of NSF as a funding agency and JPL as an organization with expertise in project
management, to utilize technology in need of further development, with HPC as a
small commercially-oriented originator of the technology, was attractive to NSF.
It was readily recognized that this liaison could provide the structure for a
project to produce and test a small commercial geothermal power plant and to
provide the credible data necessary for industry to make its own determination as
to the applicability of this technology.

The participation of HPC in an evaluation project sponsored by the United
States Government was conditioned upon retention of its then existing patent
rights. In addition, as a contractor with JPL, HPC applied for and w.3 granted
an advance waiver of the Government's rights with respect to inventions made in
the performance of the contract with JPL. The JPL contract with HPC limited this
project to the function of evaluation only, while the responsibility for design
and further development of the HSE remained with HPC outside of this Project.
Neither the Government nor JPL undertook to examine the HPC expander design in
detail or to do any design optimization. These areas were left to HPC's
initiative.

In support of this Project, proposed to NSF in five phases, the 50-kW
prototype HPC power plant was tested at two sites in the Imperial Valley of
California. The first site was at the United States Bureau of Reclamation
Geothermal Test Facility in the East Mesa KGRA. Performance tests were performed
there on August 21, 1974, on low-saline brine from Well 6-1. The test was a
cooperative effort with the test crew made up of representatives from the Public
Services Department of the City of Burbank, California, the Energy and Minerals
Division of Gulf Qi1 Company, HPC and JPL. The tests gave expander efficiencies
of 65 and 74% for two operating conditions. These results were considered t. ta-
tive since power losses of the load train on the power plant were not accurately
known and these losses entered into the calculation of the expander efficiency.
No effort was made to optimize the test conditions, and it was known that as an
adapted compressor the expander did not represent an optimum design. Ouring May
1975 the machine was tested by HPC and JPL on Phillips' Well, Sinclair 4, where
the hot hyper-saline brine contained about 30% dissolved minerals by weight. The
expander reached steady state in about 24 hours of operation with no significant
problems. These two tests were interpreted as verification of proof of concept
of the H5t as a brine tolerant expander for extracting energy from geothermal
brine and steam mixtures.
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In December 1974 the National Science Board reviewed and approved this
Project. The NSF then initiated Project funding procedures through the Energy
Systems Division, Office of Enerqy Programs, NASA, in December 1974. The program
and funding authority passed from NSF to ERDA upon its formation in January 1975,
and the program responsibility was subsequently merged into the newly formed
DOE/DGE in October 1977, when the DGE took over program management of this
Project.

D. PROJECT OBJECTIVES

The short-range technical objectives of this Project were to acquire, test,
evaluate and characterize a small commercial-size HSE power system for two-phase
flow operation in liquid-dominated geothermal fields. The evaluation was to be
based on testing in the field to determine the engine and plant efficiencies of
the power system, and the effects of operating parameters such as inlet pressure,
inlet quality, exhaust pressure and rotor tip speed. Also to be studied were
corrosion, scale formation and its effects, rotor and housing wear, erosion,
durability, maintenance requirements, throttle behavior, start/stop requirements,
parasitic losses, interactions with the well, interactions with an electric grid,
and expander staging, size and other practical details of operating such a
system. This information was then to be used for application design studies
followed by a 5-MW fully-automated demonstration plant.

The nontechnical objectives were to involve HPC in this Project as the
designer and supplier of the power plant and as operator of the power plant
during the testing. This was intended to encourage the development of the
capability and image of the company as the supplier of HSE power plants in the
event that a market should develop. Another objective was to involve the site
operators in the testing so that the user point-of-view would be well
represented.

E. PROJECT PLAN
1. Proposed Plan

The Helical Screw Expander Evaluation Project was shaped according to
the program objectives of the Division of Advanced Energy Research and Technology
of the NSF and was proposed in five phases, all to be managed by JPL. All five
phases were subject to review by the sponsor to aliow continuation, redirection
or Project termination at logical points.

Phase I entailed the purchase of a 1000-kW modular power plant from HPC with
the design based on the 50-kW HPC prototype. This 20-fold scale-up in size was
intended to produce a commercial machine small enough to test comprehensively on
single geothermal wells but large enough that all of its components and its
operating characteristics would be representative of larger machines.
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Concurrently with the procurement of the pcver plant, JPL planned to design and
build test support equipment, selecc two high-enthalpy test sites, one with low-
salinity brine and one with high-salinity brine, and formulate the test plans.

Phase Il was to consist of the characterization and evaluation testing of
the pcwer system module. it was planned to test with low-saline brine first
because the operating problems are less severe and the thermodynamic properties
of the fluids are better known. It was hoped to simulate a wide variety of well-
head conditions by separating the fluids from the test well into steam and brine
and then recombining them in measured proportions as desired and by admixing a
recycled stream of cooled brine as appropriate. Also, a site was to be selected
for the Phase III testing.

Phase III was to provide long-term operation in the field for endurance
testing and equipment life predictions, well dynamics interaction studies, elec-
tric grid interfacing studies and a determination of additional developments
needed.

Phase IV would have made use of the results of Phases II and III to study
the application of the HSE to the geotherma  power industry and to assess the
feasibility of wellhead siting in particular.

Phase V was planned for the design, construction, testing, and evaluation of
a fully-automated HSE power plant. At that time it was envisioned as being sited
near the well and having a two-stage expander with a 5 to 7-MW power rating in
noncondensing operation.

The work plan schedule for Phases I and Il as approved by NSF is shown in
Figure 1-3, and for all five phases in Figure 1-4.

2. Project Funding

Phase I, as funded, had no change in its technical content or objec-
tives. The transfer of program responsibility from NSF to ERDA upon its
formation in January 1975 caused a start-date schedule slip of approximately 9
months while agency staffing and policy matters were resolved. The Project plan
was reviewed in the context of ERDA program objectives and the Phase 1 plan was
approved with minor nontechnical changes. Some scheduling changes were necessary
to correct for the actual times required for JPL to contract for HPC to build the
HSE power plant, and for HPC to obtain new competitive bids from suppliers
according to government procedures. The Phase I plan for ERDA is shown in
Figure 1-5. This plan was later revised as shown in Figure 1-6 and was inherited
by DOE/DGE.
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Phase I! was revised to encompass the testing only at the first test site
(Figure 1-7). When testing was about to begin in 1978, JPL learned from DOE/DGE
that this Project would be terminated at the completion of the 3 months of test-
ing scheduled in Phase II. In consultation with its advisors, DGE had reviewed
all its projects and assigned a priority to each. The HSE geothermal power plant
was rated as not of sufficient interest to the geothermal industry in the United
States to justify continued Project funding. However, through its membership in
the IEA, DOE offered the HSE power plant for testing by other governments, as
discussed in Section VIII of this report. As a result, representatives of Italy,
New Zealand, Turkey, Sweden and west Germany visited the site during the testing
and were encouraged by the test results. At that time, design weaknesses in the
shaft seals had become evident and it was clear that some redesign and overhaul
would be necessary before testing could continue in another country. Therefore,
Phase II was supplemented by Phase II-A to accomplish the appropriate redesion
and asverhaul an’ to prepare for an additional month of testing to confirm the
adequacy of the overhaul. Meanwhile, the original Phases III, IV and V were
cancelled, along with plans for second-site testing in Phase II. Planning
support for the Programme was i~:cluded in the Phase I1-A work plan.

Phase I1I covered the overhaul confirmation testing and was followed by the
final phase, Project Termination, propcsed separately. In addition to the over-
haul confirmation, the 1 month of testing of Phase IIl was interded to accomplish
the performance evaluation of the HSE which had been attempted earlier in Phase
I[I. The efficiency of the HSE is strongly influenced by the leakage clearances
past the rotors and these clearances were excessive during the Phase II (1978)
testing. Scale deposits had been expected to form within the expander during the
testing to close these clearances and bring the machipe to its finished dimen-
sions, but this did not occur. Thus, thc testing was performed on an unfinished
machine and the true performance of the machine was not determined. Process
changes were planned for the Phase IIIl testing to allow finished dimensions to be
generated. Because the 1978 tests were known to have been performed on an
unfinished machine, and the results are not necessarily representative of the
HSE, and because the availability of fluids limited the HSE tests to 3/4 power,
the reporting of the 1978 test results was rescheduled for inclusion in the
Project Final Report, along with the 1979 test results.

The Project Termination activities (equivalent to a Phase IV) included
preparing the HSE power plant and test support equipment for shipment from the
site, leaving the site in a condition acceptable to Phillips, preparing complete
hardware and software documentation to accompany the equipment to foreign test
sites, and transferring the accountability of Project property to DOE.
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SECTION II

METHODOLOGY

A. PROJECT METHODO-0GY

The Helical Screw Expander Evaluation Project methodology encompassed the
following main elements: the expander, proprietary coniiderations, the power
plant, the load, data acquisition and management, the test array, tne test site
and the test process.

The expander is a small commercial geothermal prime mover designed for
two-phase fluids by HPC on the basis of prior development work with a prototype
machine which was adapted from a Gardner-Denver air compressor. The new machine
bears a close resemblance t« established machine design because the helical screw
rotors were cut by a licensee of Svenska Rotor Maskiner, A.B., Sweden (SRM), to
the same profile specifications as those used in comuressors. Case designr,
porting and materials of construction, etc., were all specified by HPC for
long-term geothermal service. HPC classified all expander design details as
proprietary. This limited the Project to external evaluation of the HSE only,
with all design details, repairs, developments and internal measurements being
excluded from the Project at the discretion of HPC. The exception was the confi-
dential review by JPL of designs pelieved to be critical to the expander evalua-
tion objectives of the Project and certain measurements within the expander.

This arrangement helped to define the roles of JPL and HPC, and influenced the
test planning. Accordingly, complete design details of the HPC expander are not
contained in this report. (For a2 description of the expander see Section II.B.)

The c.pander was integrated into a power plant so that it could be evaluated
in direct relation to its intended application. The power plant served as a test
hench for the expander. The expander output was determined by measuring the
electrical output of the alternator and correcting for losses in the drive train.
High grade commercial components were used throughout, but no attempt was made to
specify their performance. For example, for the purposes of this Project, the
efficiencies of the gear box and alternator were not important provided they were
known, and a component failure external to the expander was not normally consid-
ered as relevant to the expander evaluation. Consistent with the overall Project
opjective of accelerating the cormercialization of an energy conversion tech-
nology, the power plant was designed as a self-contained, -~tand-alone unit
completely independent of all JPL test equipment. It has its own controls and
power instruments, is self-starting on geothermal fluid and has a safety shut-
down system to provide protection against faults. The power plant is described
in Section I1.C.

With the need to load the power plant at test sites expected to be far from
load centers, a transportable fan-cooled 1000-kW resistive load bank was



provided. Manual switches were used to change the load in 50-kW steps. The load
bank was connected to the alternator with power cables of equal '.ngth to provide
a balanced load on the three phases for accurate power measuremenv. Details of
the load bank are given in Section Il.D. and in the support equipment manual
(Ref. 2).

An automated data acquisition and display system was designed by JPL to
monitor and report, in real time, the status of the test process and some power
plant hardware. For this purpose, a desk-top computer received incoming signals
originating in the process equipment, or in the power plant, through a3 multipro-
grammer. The calculated status and performance data were displayed on three
printers. In this way, process control decisions could be guided, and the
results could be clearly observed. A second computer was provided for data
analysis, and provision was made for plotting procass or equipment parameters
on-line or off-line. This equipment, along with signal-conditioning equipment,
was installed in an instrumentation and control trailer, o~ data van, which
provided working space and environmental control for the equipment. Compatible
in-plant transducers were installed by HPC or its suppliers.

The primary computer monitored the fault status of the power plant. It also
recorded the first outage and the status of the process just prior to the fault.
Numerous gqauges and meters were installed on the power plant and in the process
equipment. Some of these were used to confirm information logged automaticelly.
The data system is des~ribed in Section II.E. and in more technical detail in a
separate data system hardware manual (Ref. 3). The computer software is dis-
cussed in Section II.E. and described in a software manual (Ref. 4). The Data
Van is described in Section II.F. and in the support equipment manual (Ref. 2).
These three manuals, or reference documents, were prepared to describe the test
support hardware and software as of the completion of the testing in Utah. The
Data Van is equipped for calibrating many of the process transducers on-site.
This equipment is listed in the data system hardware manual (Ref. 3).

With the expectation of testing the HSE power plant at more than one site,
the power plant, the Data Van and the load bank were integrated into a test
array, arranged so that the assembly can be functionally reproduced at all sites.
Appropriate junction terminals, mostly on the power plint, were provided for this
purpose. The test array lay-out was constrained only jy the lengths of the
interconnecting cables. Wher:ver the power plant was installed for testing, its
position became established, and the remainder of the test array wis positioned
accordingly. Wiring from process instruments was connected into the test array
at junction terminals on the power plant. The test array is described in
Section II.C.

The decision to test the expander on real geothermal fluids in the field not
only influenced the design of the hardware but established the need for a test
site. Many factors were considered in selecting a site, but the main ones were
well production characteristics and availability. A 1-MW power plant undergoing
tests to simulate a wide assortment of wells requires a large steam and water
flow. The most favorable arrangement is a large well with a high pressure
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separator. Such an arrangement was available at the Phillips' FTF at Well 54-3
in the Roosevelt KGRA, Utah. Only after this site was selected could the design
of the test process proceed. A discussion of test site requirements and the site
selection process is presented in Section IV. In advance of the site selection,
several processes were designed to establish the flow requirements associated
with the desired test conditions. The resulting information, including estimates
of associated equipment costs, was used to determine the site requirements and
the test possibilities. The availability of large quantities of steam and water
from a high pressure separator made it possible to recombine the phases in
selected measured amounts, at separator pressure or lower, to simulate a wide
variety of wells. A more complete discussion of the test prucess which was userd
is found in Section V.A.J3.f.

B. EXPANDEX

The HSE is a positive displacement machine based on a compressor designed by
Al f Lysholm in Sweden in the 1930's, and subsequently developed by Skil. In this
Project, the machine is more correctly called an engine than an expander, but it
is usually called an expander in industry, and therefore is called an expander in
this report.

1. Principles of Operation

The expander was designed for wellhead geothermal operation on scaling
fluid. The principles of operation are depicted in Figure 2-1. The geot“ermal
fluid, at approximately wellhead pressure, flows to the throttle or flow control
valve T, and at high velocity enters the high pressure pocket formed by the
meshed rotcrs, the rotor case bores and the case end face. This pocket, desig-
nated by A in the figure, is mostly hidden by the rotor lobes, but can be seen in
the plan section view. As the roters turn, the pocket elongates, splits into a
“V* and moves away fro. the inlet ports to form the regions designated by 8.

With continued rotation, the “V" lengthens, expanding successively to C, D, E and
F, as the point of meshing of the rotors appears tec retreat from the expanding
fluid. The expanded fluid, at low pressure, is then discharged into the exhaust
ports as they are uncovered by the lobes. Within the machine, vapor is continu-
ously being produced from the hot liquid phase as it decreases in pressure during
its passage through the expander. The effect is of an infinite series of steam
flashers, all within the prime mover. Thus the mass flow of vapor increases
continuously as the pressure drops throughout the expansion process, and the
total energy stream from the well is carried to the lowest expansion pressure.

Rotor-to-rotor and rotor-to-case clearances, abnormally large for a Lysholm-
type machine, were built into the expander to provide space for scale to form
within the machine. The scale deposit provides corrosion protection for other-
wise exposed surfaces and improves the machine efficiency by reducing leakage
clearances past the rotors. The scale cladding may also provide erosion protec-
tion in high velocity entry impingement zones, but this hypothesis has not been
verified. The rotors are provided with hard tips on the rotor lobes and end
faces to limit the build-up of scale in the expander within regions swept by the
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hard tips. The practice of using scale deposits to provide the finished rotor
and .1se dimensions lowers fabrication costs and produces a machine which adapts
itself to dimensional changes caused by differing loads, operating temperatures,
or pressures.

Large initial clearances for scale deposition make the accumulation of scale
a necessity for maximum performance. For example, it can be seen in Figure 2-1
that until scale accumulates to provide the finished dimensions, fluid entering
the machine can bypass the high pressure pocket A and pass between the end faces
of the rotors and the case directly to the exhaust. It can also enter the high
pressure pocket and leak past the rotor tips to region B, then out of B between
the rotor end faces and the case directly to the exhaust. In certain positions
of the rotors, the cross-sectional area of the leakage paths from the high pres-
sure pocket represent an estimated 25 to 30% of the total enclosing surface. In
other positions, the rotors block the entering flow, and the fluid flows along
the rotor end faces directly to the exhaust port, bypassing the expansion
chambers completely. The leakage of working fluid along these paths severely
degrades the performance of the machine. Similar losses occur throughout the
machine from regions B through F.

Any successful production well is presumed capable of delivering fluid to
the prime mover placed nearby. By the placement of flow control valve T within
the expander, the first significant pressure and temperature drop of fluids leav-
ing the wellhead takes place within the expander. As Figure 2-1 shows, the inner
face of the valve gate is swept by the rotors. Part of the kinetic energy gained
by the fluid in passing through control valve T is delivered to the rotors as
impulse.

The expander exhaust porting was designed for the special needs of a
two-phase flow machine. Special attention was given to moving the liquid phase
through the machine with a minimum of drag or pumping losses. These losses and
other deficiencies in the HPC 50-kW prototype adapted for geothermal service
showed that a converted compressor designed for gas service is inherently
unsuited for geothermal application. The testing of such a machine could produce
misleading results.

In a detailed analysis of the principles of operation of the expander,
either as an aid in understanding the performance of the present design or to
serve as a guide for design improvements, it would be appropriate to consider the
performance contributed by each of three regions of the machine, namely the inlet
region, the central region, and the exit region. As mentioned earlier, in the
inlet region the fluid gains kinetisc energy, some of which can be delivered to
the rotors as impluse. The etficiency of this process is somewhat dependent on
geometry and is therefore under some control of the des.gner, It is in this
region also where the inlet porting is changed by the operation of control vaive
T, Figure 2-1, thus changing the expansion ratio in the central region as the
point of inlet cut-off changes. The central region is the region of positive
displacement where the fluid expansion can vary from underexpanded to
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overexpanded depending on load, rotor speed, and inlet and outlet conditions. In
the event of under expansion, square card operation takes place in the outlet
region much as with air motors. This square card operation allows the expander
to handle increased loads beyond those corresponding to full expansion of the
fluid within the machine. As the contribution of square card operation increasec<
with load, a point will be reached at which the efficiency begins to decrease.
This is true for condensing operation as well as elevated back pressure

However, such an analysis is outside the scope of this Project.

2. Design

The HSE design details in this report are limited largely to information
released by HPC under the agreement governing its participation in this Project.
Some of the details are contained in a descriptive specification prepared by HPC
(Appendix A). Additional information can be obtained from Hydrothermal Power
Co., Ltd., Post Office Box 2794, Mission Viejo, California, 92690, or from HPC's
Final Report: Design, Fabrication, Delivery, Operation and Maintenance of a
Geothermal Power Conversion System (Ref. 5), prepared under JPL Contract
No. 954404,

During this Project, the expander design underwent three major improvements:
the configuration, the method of construction, and the shaft seals. The initial
design utilized a cast steel nousing in the configuration shown in Figure 2-2.

In this configuration, the expander exhausts vertically upward, allowing liquid
to accumulate in the exhaust section, blocking it and causing unnecessary back
pressure. This disadvantage was corrected in the revised configuration where the
exhaust flows downward from the expander (Figure 2-3). In both of these
configurations, the rotors must sweep unflashed liquid the entire length of the
machine, resulting in pumping issses. In addition, the exhaust porting provided
passages unswept by the rotors where scale could accumulate (see Figures 2-2 and
2-3). The transition to a fabricated steel housing provided the opportunity to
manufacture the expander in the configuration shown in Figure 2-1. As can be
seen in Figure 2-1, this configuration provides unrestricted exhaust porting and
a minimum of pumping losses.

These design improvements of configuration and method of construction were
completed before fabrication began. HPC censulted CFE engineers regarding
construction materials. The improvements in the shaft seal design were made to
correct design weaknesses revealed during testing. The original shaft seals were
segmented carbon, pressure-backed for oil leakage into the brine. Early failures
during acceptance testing were diagnosed as being caused by interference
resulting from thermal growth of seal assembly components., Redundant seals were
omitted from each assembly to reduce the friction heating, and clearances were
enlarged where appropriate. These improvements sufficed for the acceptance
testing done with air and for part of the testing in the field in 1978, Addi-
tional failures in 1978 demonstrated a need to change the design. The new design
used a combination of segmented circumferential carbon seals, floating ring
seals, labyrinth seals, and a protective barrier of water seeping through the
labyrinth seals into the brine. 0il was maintained behind the segmented carbon
seals at a pressure slightly higher than the flush water pressure to prevent
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water intrusion into the oil. Another important design improvement made during
this Project was the modification of the inlet throttle trim to prevent blocking
of the inlet passage by the rotor lobe faces, thus eliminating a water hammer
detected while operating the expander with compressed 1iquid feed under highly
throttled conditions.

The fundamental design philosophy was that the expander would be a commer-
cial unit of rugged construction utilizing high quality components throughout,
each selected or designed for long service. In principle, the design would
depart only slightly from the technology of the existing compressor industry so
that production of many units would not represent a technological problem. The
selection of the 1000-kW size was intended to provide a machine large enough to
provide a credible commercial evaluation, ye. small enough to permit versatile
testing on a single well. The result was a machine with two mating 16-1/2 inch
diameter, helically-grooved rotors, 25-inches long (see Figure 2-1). The male
rotor is the driver and has four lobes, the female six., Thus, for a 3000-rpm
output shaft speed, the female rotor turns at 2000 rpm. Sychronizing timing
gears were used.

The rotors were machined from solid, one-piece Type 410 stainless steel
forgings to provide sufficient strength for 100-psi differential pressure across
the rotors at speeds up to 5000 rpm. The rotors are supported in tilt-pad radial
bearings and are positioned by self-equalizing thrust bearings. The lobes and
end faces of the rotors were hard tipped to provide wear-resistant surfaces to
limit the growth of scale on the oppoesing surface. The rotors, rotor housing
midsection, and low pressure end were fabricated of Type 304 stainless steel as a
concession to the oxidizing conditions expected during intermittent evaluation
testing. The housing high pressure end was fabricated of Type 4142 corrosion
resistant steel. (In contrast the 50-kW prototype discussed in Section I.C. and
in the pubiished paper in Appendix C was carbon steel throughout.)

The housing was hydrostatically tested to meet ASME Boiler and Pressure
Vessel Code - Section VIII, Rules for Construction of Pressure Vessels. The
inTet and high pressure regions were isolated from the midsection and ware
hydrostatically tested to 1080 psig to meet or exceed a 300-pound ANSI rating.
The midsection and low pressure regions were tested at 450 psig to meet or exceed
a 150-pound ANS!I raised-face flange rating. The maximum allowable feed condition
is 625 psig at 500, .

The gate-type throttle, or governing valve, T, (see Figure 2-1) is requlated
hydraulically by a signal from a mechanical flyball-type governor acting through
a hydraulic servo-mechanism. The gocvernor system hydraulics draws o0il from the
same 0il system which provides lubrication and cooling for the expander bearings
and shaft seal assemblies.
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C. POWER PLANT

The principal components of the HSE power plant are the expander, a speed
reducer and an alternator, mounted and aligned on a structural steel base, and a
lubrication oil console. The power plant is described by HPC in inhe descriptive
specification in Appendix A, and is shown diagrammaitically in Figure 2-4., The
main assembly is 6-feet wide, 8-feet l-inch high, 25-feet long, and weighs
approximately 25,000 pounds, as shown in Figures 2-5 and 2-6 (see also
Figure 1-1). The gear box is shown connected to the expander in Figure 2-7, and
the oil console and fan-cooled heat exchanger are shown in Figure 2-8,

As stated earlier, the power plant was designed to operate as a self-
contained unit. A design objective is outdoor, unattended operation for extended
periods. The plant has its own controls, panel-mounted instruments, and a safety
shutdown system to provide protection against equipment faults. All equipment
necessary for starting on geothermal fluid is mounted on-board. The instruments
measure and display alternator frequency, voltage, current, kilowatt hours and
elapsed time. Controls for frequency, voltage and generator output breaker are
mounted on the instrument panel. For test purposes, provision was made for
remote adjustment of frequency and voltage. The fault protection system monitors
underspeed, overspeed, oil supply overtemperature, oil supply underpressure,
shaft seal low differential pressure, shaft seal low flush water flow, and vibra-
tion. The protection system works in conjunction with an on-board automatic stop
(AS) gate valve in the feedline to the expander. A blocking valve and the AS
valve are shown installed in the feedline in Figure 2-9. The AS actuator can be
seen in Figure 2-8. An overspeed fault and emergency stop button near the
instrument panel cause this valve to close fully within 1 second. A normal stop
button on-board, and all other fault conditions, cause this valve to close within
15 seconds. Provision was also made for control of emergency stop and manual
stop remote from the power system, The .xpander throttle valve 1s closed by
controls which override the governor to provide a back-up emergency stop,
sequenced to occur just after the automatic stop valve signal occurs.

The power plant was designed to produce 60-Hertz power from the alternator
operating at 1800 rpm. Since the optimum speed of the expander is not known, the
speed reducer was supplied with three gear sets to permit investigating the
expancer performance when operating the power output shaft (male rotor) at speeds
of approximately 3000, 4000 and 5000 rpm. JPL required a vibration and torsional
analysis for all three gear sets. No vibration nodes appeared within the speeds
carresponding to the three gear sete.

Safety considerations were given to the consequences of seizing, or jamming,
of the expander rotors. The expander and the speed reducer both have pairs of
contrarotating parts, although not of matching inertias. Thus, neither drive
train component has appreciable net anguiar momentum. Only the alternator does,
since it has a single rotating part. Therefore, a shear coupling was installed
between the speed reducer and the alternator so that the alternator could con-
tinue to rotate if the expander and speed reducer stopped abruptly., Little or no
overturning momentum would be applied to the power plant main assembly. In
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addition, an analysis made by HPC of the consequence of transferring the angular
momentum of the alternator to the main assembly under free-standing conditions
showed that the assembly would not be overturned for a normal installation. The
benefits of the process piping connections to the expander were not included in
the analysis.

The testing of the HSE in 1979 to confirm the adequacy of the overhaul
revealed the need to install a water separator to remove flush water which leaked
into the oil passing through the new seal assemblies. Alsc needed was a non-
pulsing pump for supplying the flush water. The need for a jacking motor was
also confirmed. The needed hardware was installed by HPC in Mexico under UOE
contract. The installation was outside the scope of this Project. The hardware
is included in the description specifications (see Appendix A). The conversion
of the power plant to 50-Hertz operation by HPC in Mexico with DOE funding prior
to shipment to Italy is not included in the descriptive specification.

D. LOAD BANK

A 1000-kW transportable load bank (Figure 2-10) was provided for imposing a
variable electrical load on the power plant for test purposes at any test site.
A captive load such as this permitted a test flexibility which would have been
impossible otherwise. The load bank consisted of two 6-foot duct heaters, each
with blowers and relays and a switch panel (Figure 2-11) to permit manually
adding or removing electrical load in units of 50 kW or more. The resistive load
units were two 50-kW, two 100-kW, one 200-kW and one 500-kW. Each increment
loaded the three phases of the alternator equally through the use of matched
lengths of four-wire 500 MCM cable per phase. Each fan was monitored by an
air-flow switch, and protective nterlock circuitry required that both fans be in
operation tefore the main breaker on the load bank could be closed. Thus, the
tirst load increment was an inductive load of approximately 10 horsepower from
the two fans. In addition, each duct section was protected with three thermal
switches, each interlocked with the main breaker. Electrical interlocks were
alsu provided on the doors ¢~ ‘ering the fuse panels and terminal box. The load
breakers were provided with tri) coils to permit load shedding according to an
independent logic. The two 100-kW loads were shunt-trip connected to two waste
water pumps so that 100 kW could be shed upon starting either pump, provided the
corresponding load was on-line. After shedding, the circuit breaker could be
reset and reloaded. The load bank was provided with fault condition switches so
that shutdown by failure of either fan, or by thermal overload, could be detected
by the computer. Fitted weather-proof slipcovers were provided for the fan
shrouds separately, and for the rest of the structure. Lift points for a fork-
1ift truck were provided in the base structure.

E. DATA SYSTEM
1. Functions

The data system was designed, fabricated and operated to perform the
following functions:
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(1) Collect data from transducers in the power system and the test
process.

(2) Reduce the data and calculate the performance of the expander.

(3) Display the test parameters and performance versus time on printed
logs to provide process control assistance on a permanent record.

(4) Record the data on magnetic tape automatically, or at operator
discretion,

(5) Monitor the safety shutdown system in the HSE power syst-m for
first fault, and record the fault and one complete set ot measured
data existing just before the fault occurred.

(6) Monitor operating parameters and provide a warning in the event of
an "out-of-range" condition.

(7) Process the test results by retrieving the data stored on tape and
analyzing it, and printing or plotting the results in a variety of
ways according to operator instructions.

2. Objectives

Many objectives and factors were considered in designing the data system
and selecting the equipment.

a. Precision and Stability. It was considered necessary that the data
system be precise and stable so that the approach to steady-state operation of
the HSE could be monitored during periods of scale deposition within the machine.
Because of loading and thermal effects, the dimensions of the expander rotors and
case were expected to change slightly as operating conditions were changed,
abrading scale away from some areas and opening up clearances in others. With
continued operation, scale deposition would occur providing new finished dimen-
sions and restoring performance lost because of the new clearances. For an opti-
mum test well, this process was predicted by HPC to occur within a few hours.

b. Accuracy. A target accuracy of two percentage points was chosen for
efficiency determination. An error analysis based on perturbation theory was
made to determine the requisite accuracy of each measurement for each candidate
test process. This information was used in writing the specifications for the
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data acquisition. Subsequently, an uncertainity analysis showed that a root mean
square uncertainty in efficiency determination of less than 5% could be expected
for all tests.

c. Environmental Control. The harsh environment expected in the field
made it necessary to provide a controlled environment for the corputers and other
data acquisition hardware. This was accomplished by outfitting an insulated
trailer with suitable instrument racks, table space, lights, a vestibule and air
conditioning. The instrument trailer is known as the Data Van in this Project
and is described nore fully later.

d. Stable Power Supply. An uninterruptable power system (UPS) was
installed in the Data Van to provide reliable, regulated power to the Jata sys-
tem. The UPS utilized an inverter which drew power from batteries to give vol-
tage and frequency regulation. The batteries were maintained with an UPS battery
charger during normal operation, but provided approximately 15 minutes of opera-
tion in the event of loss of source power. This arrangement allowed for drawing
operating power for the data system from the HSE power system without concern for
frequency variation or unplanned shutdown during the testing. This also allowed
for adjusting the HSE power system output voltage as a means of adjusting the
system load during the tests. The UPS can relay the unregulated source power to
the data system.

e. Auxiliary Power. In the test planning, it was assumed that the test
sites might not have electrical service. Therefore, provision was made to supply
standby power from an engine generator for pre-test and post-test instrument
calibrations and for general test preparations. Two old engine generators
borrowed from JPL for this purpose failed, one in 1973 and one in 1979. As a
consequence, four other units were used at different times, two in the nearby
Phillips test installation, one in a mobile office used by the Project, and
another borrowed from JPL. The lost time, repairs and extra shipping cost more
than a new one would have.

f. Calibration. In the selection of process instruments, calibration
in the field was a desirable factor. Calibration equipment was provided for the
field calibration of pressure and differential pressure transducers, and for
temperature measurements. The flow meters were not field-calibrated. The ori-
fice meters, whose measurements were critical to the test results, used orifice
plates and meter runs manufactured to specifications in conformity with ASME
standards. The vortex-shedding flow meters used meters runs with corresponding
specifications and factory-calibrated frequency-to-current convertrrs. The kW
and kWh instruments were checked against one another, and were post-calibrated by
the manufacturers. The frequency instruments were calibrated against the local
utility power before being sent to Utah.

2-21



g. Spares. Some redundancy was provided in spare parts and instruments
for the data system although the spare parts list tended to be highly selective
and not large. The small inventory of spares permitted instrumenting the
Phillips' FTF separator for pressure and level. The JPL process installation was
also instrumented part way through the tests tc measure waste tank level and
waste purp pressure for additiona! process information which was used to good
advantage in performing the tests.

h. Field Motility. The equipment layout and assembly was done with the
awareness of the need for mobility to allow installing the test equipment at
successive test sites. This led to the test array concept discussed in
Section II1.G,

i, Signal Compatibility and Processing. The transducer signals can be
grouped as follows; O to 1 mA, 4 to 20 mA, 0 to 20 mV, frequency and resistance.
Signal conditioners converted these signals into voltages of 0 to +1 Volt, which
ar2 compatible with the desk-top cormputer used in the data logging. The O to
1 mA and 4 to 20 mA signals used 1000-ohm and 50-ohm load resistors repectively
to provide the requisite volitage signals. The frequency signals from the
vortex-shedding flow meters were converted to 4 to 20 mA signals. All voltage
and amperage signals varied linearly with the variations in the measured
parameter over tne region of interest, Platinum resistance thermometers were
used with bridge completion assemblies, sime of which used linearizing amplifiers
to provide high accuracy linearized output voltage signals.

3. Data Identification and Treatment

The voltage signals for 43 parameters were read into an X(J) vector by
the computer, converted into appropriate parameter units by the following equa-
tion, and staired in an a and b matrix:

a(J) +b(J) X(J) volts = X(9) (1)

The coefficients a(J) and b(J) were determined by calibration, where appropriate,
and the calculated and input values of the parameters were compared. In this way
the transducer linearity and calibration accuracy were verified. For purposes of
illustration and referen-2, the final calibration coefficients of the Utah test-

ing are given in Appendix B.
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4. Data System Hardware

The principal data system equipment, other than the transducers, is
listed in Table 2-1. The pressure and flow transducers, all of which produce a
4 to 20 mA signal, are listed in Table 2-2. The temperature transducers are
listed in Table 2-3 and the remaining transducers are listed in Table 2-4, The
power supplies, signal-conditioning equipment, computers, printers and inter-
facing equipment of the data system are shown in Figures 2-12 and 2-13. The data
system is described in more detail in a data system hardware manual (Ref. 3).

5. Data System Software

In the course of test preparation, testing and data analysis, numerous
computer programs were developed, some of which became obsolete. The early
calibration and installation programs for the data system were written by JPL,
but were later superseded by operating programs which were developed in the field
during test operations as the data system usage and expander test procedures were
refined. All operating programs and data analysis programs were written by
Dr. E. F. Wahl of Wahl Co., Claremont, California, a. were the final calibration
programs. Some of these programs make use of the earlier JPL programs. The
operating and analysis programs utilize a subroutine for the termodynamic proper-
ties of steam adapted by Bosco Engineering, Whittier, Califcrnia, from a United
States Department of the Navy Fortran program and procured from Bosco Engineering
for use in this Project. Fifteen of the most useful programs were documented in
a software manual (Ref. 4) prepared by Dr. Wahl. These programs are:

CALIBRATION PROGRAM SET
Transducer Calibration
Calibration Data File Correction
a & b Calculation
a & b Calculation Using Selected Data Sets
Enter 2 & b Values into Data File

OPERATING PROCRAM SET
Initialize Data Cassettes
Enter Faulting Device Names
Enter TDS and CO2 Concentrations
Enter Orifice Sizes
Operating Program I: Start-up Program
(Includes Operating Program II1: Shutdown Program)
Operating Program II: Main Operating Program
Operating Program IIl: Shutdown Program
(Includes Operating Program I: Start-up Program)

DATA ANALYSIS PROGRAM SET
Raw Data Operating Log Calculations
Instantaneous Data to Averaged Data Conversions
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Table 2-1. Principal Data System Equipment

Quantity Description

Instrument rack containing:

1 Uninterruptable power supply with
inverter, batteries and battery charger;
Deltec Corporation, DSU 1210

Instrument rack containing:

2 24-VDC power supplies for field
transducers; JPL

1 20-channel b. idge amplifier for
resistance temperature transducers;
Hy-Cal Engineering; Model ESD-9025-C

1 6-channel high accuracy modular bridge
amplifier with linearized output, matched
to resistance temperature transducers;
Hy-Cal Engineering; Model £SD-4050-A

1 Multiprogrammer; Hewlett-Packard;
Model 6940 8

1 Multiprogrammer interface;
Hewlett-Packard; Model 59500A

1 Digital calendar clock; Hewlett-Packard;
Model HP-IB 59309A

1 Fast analog strip chart recorder with
12-channel signal attenuator; Honeywell;
1508 Visicorder

2 Flow integrators; Rochester Instrument
Systems
1 10-VDC power supply and signal

conditioner for thrust bearing load
cells; Revere Corporation of America

2 Signal conditioner,, flow integrators and
rate meters all wall mounted for two
vortex shedding flow meters; Neptune
Eastech
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Table 2-1. (Cont'd)
Quantity Description )

Instrument rack containing:

1 Frequency meter, panel mounted

1 Volt meter, panel mounted

1 Kilowatt hour counter for monitoring kWh
logged at HSE power plant

1 each Voltage, frequency, stop, and emergency
stop remote control for the power plant,
panel mounted

1 Waste tank high and low level alarms and

2 (1 in 1978)

1

1 (1978 tests only)
2 (1979 tests only)

alarm silence controls, panel mounted

Table with:

Computers; Hewlett-Packard; Models 98254
Calculator; Hewlett-Packard; Model 97
Printer, Hewlett-Packard; Model 2671A

Printers; Hewlett-Packard; Model 2631A

Accessories:

Aneroid barometer; Wallice & Tiernan;
Model 62A-4A-0100, 0-16 psia

Low pressure calibrator; Wallace &
Tiernan; Series 1500, 0-280 in. H»0

Dead weight tester; Ashcroft; IBX 8558,
two piston; 0-3250 psi

Decade resistor; General Radio;
Model 14327

Transmitter/receiver radios; General
Electric; Mastr PES6RASAHX
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Table 2-1. (Con.'d)
Quantity Description
1 Persona! Kadio Charge~ Rapid Three with
microphone; General Electric
2 Communication headsets for noisy areas;

David Clark Co., Inc.; Straightaway;
Model No. 12510G-02/C1-636-11

2-26



Table 2-2. Pressuie and Flow Transducersd
Symbol Make Model Range SIN
Ps Gould/ PA-1000-1000-15 0-1000 psia 5001
Statham
Pf Goulc/ PA-1000-1000-15 0-1000 psi: 15000
Statham
P2 Gould/ PA-1000-0050-15 0-50 psia 15007
Statham
MF Rosemount 11510P4E22MB (0-25/180 in.)b 90722
0-180 in. Hy0 d
Mv Rosemount 11510P4E22MB (0-25/150 in.) 95286
0-100 in. HJO d
Pw Gould/ PG-1000-1000-11 0-1000 psig 12172-A
Statham
Pv Rosemount 1151GP8E22MB 0-1000 psig 64061
P1 Rosemount 1151GP8E22MB 0-1000 psig 64062
Mw Meptune/ 4105-050-031-100-0 0-400 gpmC 7710111-1
Eastech
Mv Neptune/ 4105-050-031-210-0 0-400 ypmC 7710111-2
Easiech
Ls Rosemount 11510P5€22M8 (0-125/750 in.) 89379
0-750 in. Hy0 d
W Rosemount 1151DP5E£22M8B (0-125/150 in.) 89377
0-750 in. dy0 d
Spare Rosemount 1151DP5E22MB (0-125/750 in.) 90085
0-750 in. H,0 d
Spare Gould/ PA-1000-0050-15 0-50 psia 15004
Statham

daccuracy 0.25% of calibrated range.
bparentheses denote variable range.
CVortex-shedding flow meter.




Table 2-2. (Cont'd)
Symbol Make Model Range S/N
Pd Gould/ PG3000-01M-12-11 (0-230/1000)
Statham 0-1010 psia or psig
Pa Gould/ PG30G0-200-12-11 (0-40/200)
Statham 0-200 psia or psig
Pa Gould/ PA1000-0200-15 0-200 psia 15002
Statham
Pg Gould/ PA1000-0050-15 0-50 psia 17123
Statham
Pe Gould/ PA1000-0050-15 0-50 psia
Statham




Table 2-3. Process Temperature Transducers

oybol Length, in. RTD No.
Ts 4 91
To 4 90
T¢ 4 88
Ty 3 98
T a 95
T2 6 94
T 3 99
spares % g g

Platinum, 100 ohm at 0 °C = 0.00385 ohm/ohm/°C (nominal), 3 wire.
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Table 2-4,

Other Transducers

Symbol Make Model Range Signal S/N
Th-Brg )-20mV
v Scientific VT-11022 0-1 mA
Columbus
I Scientific CT510A2 0-1 mA
Columbus
Freq Scientific 6284A 55065HE 0-1 mA
Columbus
KW Scientific DL31K5A2-2 0-1200 LW 0-1 mA
Columbus
Th Bourns 5184 0-5000 ohm/ PNZ051840405-1

4 in.
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Averaged Data Calculated and Results Stored in
Z Matrix

Data Management of Z Matrix Data

Plot Analysis of Z Matrix Data

6. Display and Logging of Data

The displaying of data was accomplished by the operating computer on one
or more printers. In the test planning calculations, P was used to denote power,
p was pressure, t was temperature, X was steam quality, m was flow rate, and sub-
scripts were used to identify which one. Thus p;, tj, and X; indicated
expander inlet conditions. A conrlict arose with the use of the computer,
because the printers cannot print subscripts, and X was used by the programmer to
identify a data matrix. Therefore, the expander inlet conditions were logged as
Pl, Tl and Ql, and flow was logged as M. P without a subscript, or suffix, was
always shaft output power, but it was tabulated as kWs, whereas kW was logged for
alternator output. These transformations are typical throughout this Project.
Therefore. pp and Pd are equivalent, and ps and Ps are equivalent. So are
THROT% and Trt% and T% and th% and Thr¥.

During the acceptance testing of the HSE power plant in 1977, and during the
early field testing in Utah in 1978, the measured and calculated parameters were
displayed on the 2-1/4 inch wide thermal printer of the computer (Figure 2-14).
After the field testing began, programming changes were initiated to display the
data with a 17-inch wide impact printer, leaving the thermal printer available
for special displays. Examples of these special displays are the machine status,
process status and performance results (Figure 2 '5). A sample of the impact
printer data display for the 1978 testing is shown .. Figure 2-16, in which the
test data and process parameter nomenclature are identified across the top. The
print frequency could be varied by operator instruction to provide suitable
monitoring of the process status. Process variation was easily detected and when
the condition of steady state was reached, 10, 20, or 30 complete samples of
unprocessed data were logged as sets on tape by the computer in response to
operator instruction. The computer logged the event and identified these data
sets by number.

For the 1979 testing, two higher speed printers were used (see Figure 2-12).
The right hand, or operating printer, provided a permanent record of data logged
at a minimum frequency of about 12 seconds which included the calculation of
expander efficiency, as in 1978. Figure 2-17 shows Run No. 13, November 13,
1979. (The data showing inert gas content in the steam has been deleted from
this table and elsewhere in this report because it is proprietary information not
yet released by Phillips for publication.,) The parameters displayed, which were
used in the calculations, were averaged values, which tended to mask variations
in the process. The second printer displayed unaveraged values of most of the
process parameters in larger print without taking the time to calculate the
efficiency. This record was a fast response log, useful for scrutinizing the
status of the process in detail during process adjustments, or prior to recording
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Figure 2-14. Examples of Thermal Printer Operating Logs as Produced by Early
Operating Programs
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examples are from the same roll of data.

Figure 2-15. Examples of Thermal Printer Special Displays as Produced by the
Final Operating Program
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data on tape. A sample of the fast response log is shown in Figure 2-18. An
example of data logging sequenc: can be seen within the two figures. In

Figure 2-17, the fast response log was called for at time 13:14:03, and the call
was logged. Data lo9ging then switched to the fast response log at 13:14:15,
where the system recorded and displayed five rows of process data at four succes-
sive intervals of about 11 seconds. Note the steady Mw, Ms, Mf and Mv flow
rates, throttle position Trt%, power kW and frequency freq (see Figure 2-18).
Shortly after 13:15:06 (see Figure 2-17), instructions were given to the computer
to log five samples of data on tape as Set No. 80. This operation was completed
at 13:16:17, with the fifth sample being recorded in File No. 29 as logged. B8y
coincidence, this record was followed shortly by an automatic recording of an
averaged unnumbered set of data in File No. 30, as can be seen under the File
headina. Another similar data inspection and l1ogging sequence began at 13:19:16
with the call for a fast response log. The fast response log began 3 seconds
later. The subsequent recording of another set of five files of data as Set No.
81 was completed, with the last File No. 35 recorded at 13:20:33 as _hown. Under
the urgency of a very severely limited test schedule, the high level of confi-
dence in the dawa system made it feasible for these three sets of data to repre-
sent the total test record for two distinctly different operating conditions at
approximately 3/4-MW load as can be seen by comparing the inlet pressure Pl and
throttle position Trt% for the three sets. It can be seen that the automatic
record in File No. 36 was classified as "No good" by operator notation. Also, a
new test condition is indicated as being attained by the last row of data on the

page.

An example of the main operating log with start-up and shutdown information
for part of Run No. 13, on November 13, 1979, is shown in Figure 2-19. The test
objectives of 750 kW and 1000 kW for various inlet conditions were entered by the
operator just below the heading. In addition to the run number, date and time,
the heading displays the orifice diameters, the dissolved solids content of the
water, and the content of impurities in the steam in weight percent (which are
used in the calculations). The cumulative values of energy produced, liquid and
steam received from the FTF, and waste water returned as of the end of the
previous test, are calculated and also automatically displayed in the heading.
The data log of Figure 2-19 ccntinues on the second page, where a test shut-down
was recorded. The record shows that the fault system monitoring feature of the
operating program detected an underspeed condition as the first fault. The fault
event triggered the computer to log the voltage of the 43 parameters of the X
vector from the last data scan prior to the fault event. In addition, the cumu-
lative values discussed above were automatically calculated and logged along with
the time. An added note recorded by the operator indicates that the plant was
stopped by a process difficulty associated with the starting of the waste pump.
Notes such as this, entered in the operating log, are easier to correlate with
the tests than notes entered in notebooks.

The testing at Cerro Prieto, Mexico, was conducted by CFE using the JPL data
system and an operating program based on JPL operating programs used ia Utah.
The same calibration procedures and a and b matrix were used, and all relevant
test parameters were assigned to the same J values of computer memory as in Utah,
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This made the Mexico test data amenable for analysis by the JPL analysis
programs.

Sample data were recorded automatically on cassette by the operating program
and by operator command in a manner similar to that used in Utah. In addition, a
supplemental record of 1980 test data was logged on cassette by JPL with the
second computer which was connected to the primary, or operating computer. This
was done with the gracious concurrence and cooperation of CFE test engineers
using program additions prepared by Wahl Co. fcr JPL. It is these 1980 Mexico
data, logged by JPL, in sets similar to the Utah data, which are included in this
report. The logging of data by CFE operator command and by JPL was done in quick
succession under the same test conditions so that both organizations recorded
steady-state data which was essentially identical. The data processing by JPL
included instrument corrections whe:re necessary. The reporting of the 1980 data
logging, analysis and results are included here to demonstrate the extended util-
ity of data management and analysis capability which tie JPL data system makes
available to the IEA Programme. This includes the concomitant provision for
comparative analysis of test data from testing at all sites where the JPL data
system is used. (In a meeting June 5 and 6, 1980, in Mexicali, Mexico, of the
Executive Committee which governs the IEA HSE Test and Demonstration Programme,
all members agreed that JPL should perform a comparative analysis of the test
results from all of the test sites at the completion of the tcsts. The JPL
representative expressed interest in performing such an analysis. Using the 1980
Mexico data, this report demonstrates that JPL can perform the anatysis using
analysis programs and techniques already developed, providing the data are
properly logged. It implies that the other test organizations can also do so.)

F. DATA VAN

The Data Van, a thermally-insulated trailer 8-feet wide and 27-feet long,
with a subfloor, a hanging ceiling and full headroom for most of its length, was
made available to the Project by NASA, The Data Van was outfitted to provide a
suitable environment and workspace for power supplies, signal conditioning
equipment, computers, printers and interfa.ing equipment of the data system, and
for panel instruments and controls for the power plant (see Figures 2-12 and
« 13). Calibration equipment for pressure and temperature devices was housed in
the Data Van, which also provided table space for writing and for calibration
work. The Data Van served as the process control center, a field office and a
meeting place. A complete library of equipment manuals and drawings was normally
maintained in the Data Van, along with office supplies and minor instrumentation
maintenance equipm-nt and supplies. Temperature control provided by a window-
type air conditioner installed in the forward bulkhead often made the Data Van
the only comfortable personnel shelter available. Positive pressurization by
single-pass airflow of 50 cfm through activated carbon was provided to ensure
against corrosion Jf electronic equipment by hydrogen sulfide which tends to be
ubiquitous at geothermal sites. Many Data Van details are shown in JPL Drawing
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No. T-92-93,2 van #9137 Modification. The placement of the electronics rack
and the size of the plywood computer table, as shown in the drawing, were modi-
fied in the field in preparation for 1979 tests in order to make room for a
second printer.

G. TEST ARRAY

The JPL strategy of testing the HSE at various sites entailed integrating
the expander into a test array which can be moved in pieces and assembled in a
functionally reproducible arrangement at the site. The array consists of the
HSE power plant, the load bank to provide a variable electrical l1oad to the power
plant, and the data and control van (Data Van) which housed instrumentation
equipment interfaced through a multiplexer to a computer and printer for data
reduction and display. Junction terminals were installed in junction boxes on
the power plant to permit the reproducible connection of the load bank and the
Data Van to the power plant. At the test site, the power plant was positioned
for connection to the process piping, and process instrument wires were connected
to the appropriate terminals in the junction boxes. The load bank and the Data
Van were positioned at the test site for connection to the power plant in loca-
tions compatible with site conditions such as preferred functional layout,
prevailing wind, and constraints such as cable lengths imposed by the intercon-
necting hardware. The test array is represented pictorially in Figure 2-20. The
power plant was connected to the load bank with approximately 55-foot lengths of
500 MCM cable. These cables were cut to equal lengths to help ensure equal loads
on all three phases of the alternator. The cables were supported in a cable tray
which could be assembled in nine different configurations, ali of the correct
length so that the load bank could be placed in a semicircle around the epd of
the power system generator. (For details see JPL Drawing No. ED07320A0 gfg,
Geothermal HSE Support Systems Site Plan and Details.) Views of the cable tray
installation are shown in Figures 2-21 and 2-22. Cable tray parts for optional
assemblies are shown in Figure 2-23. The three junction boxes on the power
plant, where power, control and all instrumentation wires to the Data Van were
connected, can be seen in Figure 1-1 in front of the alternator and to the right
of the lower part of the instrument panel. The instrument lines from the junc-
tion boxes to the Data Van are about 150 feet in length, allowing considerable
choice in placement of the Data Van. At the Utah test site, these instrument
lines were placed in a wooden channel along the cable tray (see Figures 2-21 and
2-22). Excess instrument cable was coiled within the Data Van.

The Data Van contains controls and instruments for frequency, voltage,
normal stop and emergency stop, which duplicate controls and instruments on the

211 JpPL Drawings referred to in this Final Report are located in "JPL Test
Support Equipment for HSE Power Plant in Utah," Reference Drawings (Ref. 2).
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Figure 2-21. Cable Tray Supporting Power Cables Can Be Seen Leaving Building
Sheltering HSE Power Plant; Instrument Lines are Contained in
Wooden Channel Placed Along Cable Tray
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Figure 2-22. View of Cable Tray between Power Plant Building and Load Bank;
: . Smaller Power Cables Can Be Seen at Right in Cable Tray

Figure 2-23, Cable Tray Parts for Uptional Assemblies |




power plant. The plant also provides power to the Data Van for lights and air
conditioning. These power and control lines were kept separate from the instru-
ment lines on the way to the Data Van. They were supported above the instrument
lines either in the cable tray or suspended (Figures 2-22, 2-24 and 2-25).
Excess power and control lines were coiled below the Data Van.

The junction boxes referred to aboie (see Figure 1-1) are shown open in
Figures 2-26 and 2-27. The power and control-related lines from the Data Van for
instrumentation power, lights, air conditioning, voltage and frequency controls,
stop controls, and general service power were connected in the left terminal box
EC. The signal wires from the computer for monitoring power plant shutdown func-
tions (i.e., underspeed, overspeed, vibration, low 0il pressure, high oil temper-
ature, etc.) were connected in the center box EA. This allowed the computer to
identify which function was the cause of automatic shutdown if automatic shut-
down occurred. The connections for instrument wires relating to the power plant
status (i.e., bearing temperatures and loads, throttle position and alternator
bearing and winding temperatures) were located in terminal box EB on the right.
Also, all of the process instrumentation lines for fluid flow rates, pressures
and temperatures were connected in this terminal box on the way to the computer
{the vortex-shedding flow meters were an exception).

During operation of the power plant, the entire electrical power needs of
the Datc Van were normally supplied by the power system. Power was also supplied
vo an electrical service panel for general utility loads such as housing, shop,
or office trailers which were installed for test support. This utility power
panel is shown in Figure 2-28 and is described in JPL Drawing No. DO736A-(:).

A 15-kW auxiliary engine generator is aiso shown in Figure 2-28. This gen-
erator provided 115/208 Vac three-phase, 60-Hertz power for the test site in 1979
during periods of test preparations. It replaced an old single-phase diesel
power generator which failed and was in turn replaced by another diesel power
generator when the engine generator shown in the figure failed. A 10-kW genera-
tor, providing 120/240 Vac, 60-Hertz power would have been preferable but was not
readily available.
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Note: The Utility Power Panel is shown in the left foreground, Closer to the
right is the Auxiliary Generator. Beyond can be seen the Covered Load

Bank, the Data Van to the right, and the Power Plant Building to the
left,

Figure 2-28, The Utility Power Panel




SECTION III

DESIGN AND FABRICATION

A. DESIGN
1. HSE Power Plant

The HSE and the HSE power plant were designed by HPC. The design relied
heavily on the development work done by HPC with the 50-kW prototype plant prior
to this Project, and on recommendations and equipment available from suppliers.
Prior to this Project, a conceptual design of a 1-MW HSE power plant was com-
pleted. T'n this design, the expander relied heavily on the technology and prac-
tices of the compressor industry. Within this Project, HPC advan.ed the design
from conceptual to final. In this process, the method of construction of the HSE
housing was changed from casting to fabricating. Numerous benefits resulted,
including strength, materials selection, flexibility of manufacture. and flexi-
bility of design, which resulted in a true geothermal machine rather than an
adapted compressor. The relationship of the new machine to the existing compres-
sor industry is maintained by the use of rotors which were cut by a licensee of
SRM to the same profile specifications as those used in compressors, as reported
earlier.

During the design and fabrication of the HSE and power plant, numerous
recommendations were offered by JPL. Many of these were incorporated -- some-
times much later. In providing technical management of the HPC contract, JPL
policy was not to be insistent regarding design recommendations, except in
matters of safety and quality. It was the stated purpose of this Project to
evaluate a proprietary machine and not to control ite design or development. The
JPL requirements regarding safety and quality did result in a more formal design
effort than HPC had originally planned. As stated earlier, the design details of
the HSE were released at the discretion of HPC. Description of the expander and
the power plant are presented in Section I1.B. and C. and in Appendix A.

2. Test Support Equipment

JPL designed the load bank, the vata Van and the data system on a
schedule compatible with the needs of this Project.

a. Load Bank. 1lhe design of the transportable load bank was based on
equipping two commercial electric duct heaters with blowers, switches and protec-
tive interlock circuitry, so that resistive load units could be added in incre-
ments of 50 kW or more, to a total of 1000 kW. The load bank is described in
Section II.D.
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b. Data Van. The Data Van design entailed modifying a used NASA
trailer to house the instrument and control consoles and supporting gear. A
removable stair and a vestibule were provided to facilitcte entry through one of
the standard rear freight doors. The doors were retained as security doors. A
window was installed in a forward removable panel, the lighting was modified, and
an air conditioner was installed for heating or cooling. An air supply with
charcoal filter was specified to provide an environment suitable for the
electronic instruments. Instrument racks were obtained from surplus stores and
veassemblad in suitable configurations in the Data Van. For additional
descriptions of the Data Van see Section II.F.

c. Data System. The data system was designed by JPL to use a desk-top
computer equipped with a programmable analog to digital multiplexer, or multipro-
grammer, for scanning the iastrument signals. This state-of-the-art technology
was available at a cost that was little more than originally budgeted for strip
chart recorders. The data system is described in Section II.E.

During the design phase, JPL performed design reviews an- coordination as
appropriate. JPL also prepared a checklist of all the electrical parameters in
proper grouping, to ensure that all of the interface requirements among the power
plant and the control and instrument support systems would be satisfied.

B. FABRICATION
1. HSE Power Plant

The HSE and the HSE power plunt were fabricated by HPC in Mission Viejo,
California. HPC began procurement negotiations with its suppliers in January
1976, JPL requirec HPC to follow formal competitive bidding procedures, and to
submit HPC purchase orders of $10,000 or more to JPL for approval prior to their
execution with HPC suppliers. Thesc purchases were requir2d to meet JPL terms
and conditions, and thus took longer than was originally planned. Moreover, JPL
required HPC to set up a JPL-approved quality control system, and performed
critical source inspections with HPC.

HPC occupied its shop facility in Mission Viejo in March, and made prepara-
tions for receiving the first raw materials. The fabrication continued until
August 18, 1977, when acceptance testing was first attempted, and then until
December 4 1977, when the acceptarce testing was completed. After acceptance
testing anu in-place delivery to JPL, the electrical service pan2l on the power
plant was revised to provide 480-Volt, 100-amp service each for two 100-hp pump
motors,

The most serious delay during the fabrication resulted from a slip in the
delivery of the gear box. A natural gas supply shortage in the eastern United



States during the winter of 1976-1977 caused a lengthy shutdown of a foundry
which supplied the gear box manufacturer. Then, after the supplier resumed
production, a furnace was used prematurely, resulting in a bad tillet which was
delivered to the manufacturer oniy to be rejected. The impact on the completion
schedule of the power plant, and on the cost of this Project, was significant.

A chronology and schedule of the details of the fabrication of the HSE power
plant are interesting but are not essentia'® to this report, and are not included
here. Further, much of this informatiin is proprietary. A few details can be
found in the HPC Final Report (Ref. 5).

2. Test Support Equipment

The test support equipment was fabricated by JPL and its suppliers
concurrently with the fabrication of the power plant.

a. Load Bank. The load bank was fabricated by Hollins Electric and
Engineering Co., Los Angeles, California, according to JPL design specifica-
tions.

b. Data Van. The Data Van modification was done by the .PL Plant
Maintenance and Service Section perscnnel under the supervision or JPL Facility
and Construction Section engineers, who did the design.

c. Data System. The data system was assembled by members of the JPL
Propulsion Systems Section,
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SECTION IV

TEST SITE

The availability of a suitable test site is a major factor in the planning
and execution of a hardware test project such as this. For a variety of reasons
such as Project policy objectives and credibility, as well as the specific needs
of the HSE, the idea of testing the expander on artificial brine was reviewed and
rejected early. It w.s believed that many of the questions to be answerea in
evaluating any wellhead device could only be answered by testing at >r near the
wellhead.

At the time of the formulation of this Project in late 1973, the number of
large or moderately large wells in low sa'inity, high enthalpy liquid-dominated
fields in the United States was -ma.l. This situation might have severely
restricted the size of the exp:nder and the test matrix around which to plan this
Project because the decision en made that the first testing would be done
on low salinity brine -- only _...2quently would testing be done on very highly
saline brine such as was availabi. in the Salton Se2 XGRA. However, nearby, at
Cerro Prieto, Mexico, suitable sites for testing with low sc<linity brine were
potentially available. Two other factors were important. First, HPC had estab-
lished gooc rapport with CFE personnel during the prototype development and
testinc which Roger Spran. .e had done in Mexico. As a result, HPC had a standing
invitation to return for additional testing. Second, NSF, for whose goals this
Project was formulated, iooked with favor on the prospects of foreign Zountry
involvemen* This meant that Project planning was permitted a wider scope than
would have been possible otherwise. In particular, this planning made a 1-MW
wellhead power plant feasible. A test spectrum planned for a 1-MW expander of
70% machine efficiency requires approximately 550,000 1b/h of saturated brine for
100-psia iniet, noncondensing operati.on under full load. This illustrates sone-
thing about the problem of matching test equipment and prospective test sites --
many wells do not produce at this high rate. It was not assumed that the first
test site would be at Cerro Prieto, but it was important to know that a suitable
site did exist and was potentially available.

A. SITE SELECTION REVIEW PROCESS

The site selection prccess became formalized in June 197€ with the distribu-
tion of a site packet to prospective site operators. The site packet consisted
of - cover let.cr, a symposium paper on the expander, a questionnaire, a test
plan outline, an abbreviated schedule and the distribution list. The list was
rlassified into four cateqories: Group A, organization< known to have prospec-
tive sites; Group B, nrgar -.>ions known to have geothermal resource i~ arests;
Group C, organizations affit:ated with Group A; and Group D, organizations known
to have special interest. The site pa-ket is included in Appendix C.
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1. Questionnaire

The questionnaire dealt w'th 20 test site parameters listed in
Table 4-1. These are described more completely in the questionnaire itself (see
Appendix C).

2. Selection Process
The sit- selection process followed the sequence listed below:
(1) Prepare the site packet.

(2) Obtain ERDA/DGE :oncurrence to use the questionnaire and
distribution list.

(3) Distribute the packet.
(4: Review and classify the responses.
(5) Make follow-up contacts with the respondents as appropriate.

(6) Visit candidate sites to gather or review technical data, and
probe the nontechnical issues.

(7) Prioritize the sites on a technical basis for three site
types.

(8) Review the information on the nontechnical issues to see if
they affect the selections made on a technical basis.

(9) Make the primary selections.
(10) Review the findings with ERDA/DGE.
(11) Receive ERDA/DGE selection concurrence.

"12) Document the arrangement contractually as appropriate.
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Table 4-1. Test Site Parameters
1. Salinity: 1>. Corrosion and Materials Data
Low 0-3% TDS 14. Non-Condensables Content
High 20% TDS

15. Entrained Solids Content

2. State
16. Dissolved Solids

3. Flew Rate
17. Chemistry Laboratory

4., Production Reliability
18. Turn-Down and Shutdown Requirements

5. Waste Disposal
19. Test Parti:ipation and Basis

6. Coolant Supply
20. Site Use Liability Requirements

7. Condition of Well
21. Site Permits

8. Topography and Accessability
22. Site Preparation and Restoration

9. Well Performance Data
23. Open Site

10. Experience of Site Personnel
24, Nearest Commercial Airport and

11. Site Test Equipment Travel Time

12. Shop Facilities 25. Nearest Hospital and First Aid
26. Publicity




Forty-eight site packets were sent (see Appendix C). The group A list,
organizations known to have prospective sites, numbered eight. The responses
were approximately as anticipated. After screening out those sites clearly not
suitable for technical reasons, site inspections were made of the others by the
JPL principal investigator and the HPC chief engineer. It quickly became obvious
that both for technical and nontechnical reasons, a Phillips' well in the
Roosevelt KGRA in Utah would be preferred for the first test site. Selection of
a second site for testing on high salinity fluid was deferred pending test
results at the first site.

B. SELECTED SITE
1. Technica!l! Details

Two Phillips' wells at the Roosevelt KGRA were plausible candidates.
These were Well 13-10 and Well 54-3. Eacn had adequate flow and high enthalpy
and each was situated beside a pit which had been used in drilling and flow
testing the well. The proposed test plans contemplated using the pit as a heat
rejection pond for & condensing operation. However, due to the topography and
placement of the pits, Well 13-10 was the better choice. The pit at Well 54-3
was upslope from the well, and placement of the HSE to allow discharging into the
pit required placing the HSE hundreds of feet from the well, a clearly undesir-
able prospect. At Well 13-10 the layout permitted placing the HSE near the well
with easy drainage to the pit. Further investigation with Phillips revealed
other important contrary considerations. Some of the flow rates required for
testing the HSE were not suf icient to prevent Well 13-10 from slugging, and
bypassing fluid to the pit would have been necessary. This would have hastened
the filling of the pit. Moreover, Phillips had scheduled installation of the FTF
at Well 54-3 to allow the well to flow for 6 months to evaluate the reservoir.
The Prozect use of Well 13-10 during the reservoir evaluation was not an avail-
able option because it would have interfered with the reservoir test. Thus, as
if by default, Well 54-3 became the selected test well. This brought nontechni-
cal advantages as well as a mixture of technical advantages and disadvantages.
The most notable nontechnical advantage was the obtaining of permits, which
Phillips handled effectively in profus~ detail for its own needs. The test
activities of the HSE at the site were written into the Philli:s permit applica-
tions along with its own., In addition, Phillips had developed sources of supply
for roustabout and supervisory assistance at the site for its own needs and these
became available for hire by the Project. The most important technical advan-
tages of the site were the performance characteristics of Well 54-3, the incor-
poration of a high-pressure separator into the Phillips “TF, and the disposing of
the waste water by Phillips. The Phillips FTF is shown scnematically in
Figure 4-1. The high-pressure separator m-~~ steam and water available for
recombining in measured amounts as feed to the HSE. This fact resolved the ques-
tion of whether flow and enthalpy wuuld be determined from measurements upstream
or downstreun from the HSF. The need to place the H3E more than 300 feet from
the well for topographical reasons significancly added to the instaliation costs.
Consequently. an extensive study and review of the costs and benefitc of a
simplified test process based on hot water only, versus a test prr-e.s basea 61
using the steam and the water, was made for ERDA, The test options are discussed
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later. Authorization was received to install the more versatile test process for
noncondensing testing by including the expenditure of funds which were to have
been provided for condensing equipment.

2. Conditions of Occupancy

Several conditions of occupancy were imposed by Phiilips. These
included a comprehensive review by Phillips of the JPL process installation, and
a requirement that JPL contract througk Phillips for supervisory assistance in
the fabrication and installation of the process equipment from the same consul-
tant whom Phillips had arranged to have on site for its own needs (Lee Peiffer of
Peiffier Associates, Inc.). These conditions were welcomed by JPL and were
broadened to include the process piping design and piping hardware procurement by
Phillips at cost, based on the JPL process design and specifications. The piping
design was subsequently re-engineered in the field, primarily by the supe~v/ising
consultant and the JPL principal investigator, with the corcurrence of Phillips.
This made the installation more compatible with the Phillips FTF.

The FTF was on land leased by Phillips from the United States Government. A
condition of the Phillips' lease was that the leaseholder report to the United
States Geologic Survey details of the usage of geothermal fluids produced (i.e.,
quantity, condition and purposes). Therefore, it was a condition of the Land Use
Agreement (Appendix D) that JPL report to Phillips details of fluids usage for
testing the HSE. Information on the quantity of steam and water at saturation
received from the FTF, the temperature and quantity of water returned, and the
electrical energy generated was sufficient for this purpose (see Waste Water
Management section below). Other conditions of occuparcy included a Phillips
sole operator role for FTF equipmant, and no guarantee of “the range of condi-
tions, duration, quality or quantity of fluids provided."

3. Notable Selection and Usage Factors

A1l of the parameters included in the site selection questionnaire were
important, but three site-dependent factors received special consideration.
These were waste water management, pressure stability of the test fluid supply,
and scale formation.

a. Waste Water Management. A very significant technical condition of
occupancy was that waste water from the HSE test operation be returned to the
disposal line of the FTF from which it was taken. This meant that it had to be
repressurized to separator pressure or above for injection into the line. The
disposal pumping needs of the Project were studied in conjunction with the
disposal requirements of the Phillips' FTF. The disposal line ran cross-country
and through a wash to disposal Well 82-33, located 1.4-miles pipeline distance
away and 300-feet lower in elevation. The flow versus pressure characteristics
of disposal were not known with high confidence, and Phillips considered it
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advantageous to provide a pressure boost for disposal, if the boost could be
provided reliably. Sharing of pumping costs was considered, along with the
equipment availability and schedules, and reliability of the method.

Several approaches to the pumping needs were reviewed. These included a
contracted pumping service, the use of rented engine driven pumps, the use of
purchased engine-driven pumps, and the use of electrical pumps. Two options were
considered for driving electric pumps. First, with electricity from an electric
power utility transmission line, about 9/10 mile from the site, or second, with
electricity from the HSE power plant. Utility power was attractive in concept
because it would have meant an assured supply of electricity for the general site
needs of both Phillips and this Project. A utility price quote of $130,000, up
and down charge for a 500-kW transformer substation plus monthly servi-: charge,
all to be borne by this Project, ruled out this option. Loss of this option
ruled out any possible consideration of connecting the HSE power plant to the
electric grid for test or demonstration purposes. A companion cost for this
option was for four electric pumps at $26,000 each, three to be purchased by
Phillips and one by JPL.

Finally, it was agreed that Phillips would proceed with its disposal needs
as if the £ were not at the site, and JPL would return waste liquid to the
disposal . .pe by any suitable method. The method chosen by JPL was a combination
of two ele:tric pumps drawing power from the HSE power plant, and the use of a
waste holding tank to make a bootstrap start possible, since, durirg start-up,
waste wou 1 accumulate before electric power became available. This approach w.s
possible jecause two suitable used pumps and motors were available for refurbish-
ment for a price and delivery acceptable to this Project. The holding tank idea
was broadened to provide sufficient storage for waste accumulation during testing
at high weste flow rates for periods estimated to be long enough to complete a
single test, provided at least one pump was in operation. Sufficient storage was
provided by a pair of 20,000-aallon tanks. By switching back and forth between
tests of high and low waste flow, the waste disposal requiremenrt could be met for
all test conditions.

The points of withdrawal and return of water from the FTF for HSE use were
upstream from the FTF flowmeter. This meant that fluid usage by the Project
interfered with the water flow measurements of the FTF. On the average, less
liquid was returned than was received because flashing of some liquid took place
during passage through the ¢ :pander. However, on a short-term basis, more could
be returned than was being received by drawing down the inventory in the holding
tanks. Accordingly, it was a requirement that the amounts of water received and
returnea be reported to Phillips on a daily basis. During the 19/9 testing this
information was requested on an hourly basis. Steam usage was also reporied to
Phillips, but this information was not technically important because the steam
was withdrar Adownsteam from the point of measurement in the FTF on its way to an
éﬁmosphpre ..nt. The daily fluids usage data for the testing in 1978 and 1979

a1 in Tables 4-2 and 4-3. The data for Table 4-2 were obtained mostly by
> ' n*egration of fluids usage plots (Appendix E) which were preoared
1. 1 the data from the 1978 operating log (see Figure 2-16). The



Table 4-3. Geothermal Fluids Utilization: 1979

Test Run Test Electrical Steam from Water from Water to Level Change
Date, Duration, Output, Segarator,a Segarator.a Di§posa1, in Banker
1979 h kWh 10° 1b 10° 1b 10° 1b Tanks, in.

9/3 15  sec 0 0 0.3 0 -50

9/4 -- 0 0 1.38 0 10

9/5 0.05 30 1.12 9.8¢ 0 5

9/6 0.45 - 1.47 14.3 0 15

9/7 2.6 210 10.0 43.6 0 20

9/8 3.0 150 14.25 86.7 129 -58

9/21 7.3 1140 30.3 318.0 298.5 13

9/25 5.9 1350 0 569.4 533.7 -29

9/28 6.0 1800 2.54 666.7 614.4 -58

10/12 5.7 1560 0 484 457 -34

10/16 3.4 1140 0 596 509 -9

10/17 2.08 390 0 161 123 3

10/18 5.72 1080 0 475 342 5

10/20 4.68 630 0 368 282 5

10/23 5.92 2340 0 810 689 -15

10/25 5.15 2190 0 121 66 22

10/27 8.05 4710 92 901 852 -39

10/28 4,25 2220 70 237 215 -5

10/29 0.8 210 16 1 0 2

11/3 4,35 1110 30 257 213 -3

11/4 0.88 60 0 71 0 0

11/6 8.52 480 0 465 408 -18

11/11 3.n 1560 24 330 328 -18

11/13 - 3390 84 595 311 22

11/14 Well was shut in -48

TOTALS: 88.5 27750 375.7 7582.3 637G.6

(100)b

dpoes not include bleed to keep pipes hot during stand-by.
bFrom elapsed time meter.

NOTE: Some water from th .a%ker lanks was put in the pit on 9/4, 9/7, 9/15, 10/20
11/16 to permit equiprent repair, and at the cc..letion of the tests.
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Tabie 4-3. Geothermal Fluids Utilization: 1979

Test Run Test Electrical Steam from Water from Water to Level Change
Date, Duration, Qutput, Se arator.a Segarator,a D1sposal in Banker
1979 h kWh 10 31 Tanks, in.

9/3 15 sec 0 0 0.3 0 -50

9/4 - 0 0 1.38 0 10

9/5 0.05 30 1.12 9.88 0 5

9/6 0.45 - 1.47 14.3 0 15

/7 2.6 210 10.0 43.6 0 20

9/8 3.0 150 14.25 86.7 129 -58

9/21 7.3 1140 30.3 318.0 298.5 13

9/25 5.9 1350 0 569.4 533.7 -29

9/28 6.0 1800 2.54 566.7 614.4 -58

10/12 5.7 1560 0 484 457 -34

10/16 3.4 1140 0 596 509 -9

10/17 2.08 390 0 161 123 3

10/18 5.72 1080 0 475 342 5

10/20 4.68 630 0 363 282 5

10/23 5.92 2340 0 810 689 -15

10/25 5.15 2190 0 121 66 22

10/27 8.05 4710 92 901 852 -39

10/28 4,25 2220 70 237 215 -5

10/29 0.8 210 16 1 0 2

11/3 4.35 1110 30 257 213 -3

11/4 0.88 60 0 71 0 0

1i/6 8.52 480 0 465 408 -18

11/11 3.71 1560 24 330 328 -18

11/13 -- 3390 84 57 311 22

11/14 Well was shut in -48

TOTALS: 88.5 27750 375.7 7582.3 6370.6

(100)®

@Does not include bleed to keep pipes hot during stand-by.
DFrom elapsed time meter.

NOTE: Some water from the Baker Tuuns was put in the pit on 9/4, 9/7, 9/15, 10/20
11/16 to permit equipment repair, and at the completion of the tests.

4-9



data for Table 4-3 were obtained directly from the 1979 operating log (see
Figure 2-19). Additional information about the data and the plots are included
in Appendix E.

b. Pressure Stability of the Test Fluid Supply. Testing of the HSE can
be performed only if it is provided with a stable fluid supply pressure. Tnere-
fore, at the invitation of Phillips, an inspection of the FTF early in its opera-
tion was made by JPL and HPC. This inspection took place on October 18, 1977,
prior to the start of the installation of the HSE test facility. At this inspec-
tion, the FTF was perturbed to simulate placing the HSE into operation, or step-
ping through normal load changes, in order to test the response of the FTF.
Pressure stability and level control in the separator were observed and seen to
meet the HSE test requirements. Subsequently, necessary changes were made by
Phillips in the method of controlling the FTF before the installation of the HSE
test faciiity. A smaller control valve of a type less susceptable to scale
deposits was installed in parallel with a manually adjustable bypass
(Figure 4-2). These changes resulted in the liquid level and pressure in the
separator being stable in normal operation but easily upset by the HSE test
operation in 1978, The consequences led Phillips to authorize a JPL revision of
the FTF pressure and level control method during the HSE test period which was
then carried over, in principle, into the 1979 FTF design (see Figure 4-3).

¢. Scale Formation. Paramount in the performance testing of the HSE is
the formation of scale on the rotors during testing. Since the HSE geothermal
application was conceived as a wellhead device, scale formation within the
machine was expected. Accordingly, HPC designed and fabricated the machine to be
compatible with the scale deposits. One feature of this design was clearances
within the machine which would be filled in with scale deposits on the rotors and
rotor case interior during operation. Until these clearances close, the machine
is unfinished and suffers d ‘raded performance because of leakage past the
rotors.

During an inspection of the Well 54-3 site on December 1, 1976, JPL checked
a sample of scale from a surface pipe using battery acid. The scale bubbled
vigorously. This observation, the well water analysis (see Appendix F), the
process specifications for the FTF operation, and the large pressure drop the
fluid would experience in passing through the HSE, led the JPL investigator to
conclude that scale deposits would occur within the machine during the testing.
This conclusion was reached against the background of *he Phillips' view that
scaling would not occur in the surface pipe. Actually, scaling in the machine
did not occur during the 1978 testing but it did occur in the production well and
in the FTF surface pipe in amounts sufficient to interfere with the testing of
the HSE. The cause was believed due largely to the need to operate the FTF
outside of the specified conaitions because of the initial limitations imposed by
the disposal well., This matter was reviewed carefully in preparation for the
1976 HSE tests. Two reasonable options appeared available -- either to bypass
the FTF part of the time and flow directly to the HSE, or to operate the FTF
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separator at wellhead pressure so that fluids could be delivered to the HSE
essentially at wellhead pressure. The premise in bypassing the FTF was that
since scale deposits occurred there, they would occur in a parallel process if
conditions were comparable,

Bypassing the FTF would have required adding a valve at or near the wellhead
and running another pipeline to the HSE. The disadvantages of this approach were
the added cost, the inability to measure directly the fluid received, and the
prospects of slug fiow forming in the pipe. The advantages of operating the
separator at wellhead pressure avoided these disadvantages and created no others.
This matter, along with schedules, etc., was discussed with Phillips in Salt Lake
City on January 15, 1979. The Phillips' operating plan for the FTF was to
restrict the flow at Well 82-33 and to allow the separator to “ride the well"
with the separator pressure maintained at 385 psig. Lower separator pressures
would not be available, and cthe HSE testing was to be planned accordingly. In
actuality, a substantial pressure drop was taken in the FTF between the well and
the separator during the 1979 HSE testing, and Phillips injected an assortment of
scale inhibitors into the main pipe near the wellhead much of the time to study
and control the scale formation of the FTF. Whether the departure from the
operating plan of the FTF resulted from a well "“blowout" on June 8, or from a
change in Phillips' test objectives was not ascertained, but scale deposition in
the HSE did not occur. Attempts to work around this problem are discussed in
Sections I.B. and II.D.



SECTION V

PERFORMANCE EVALUATION METHODOLOGY

A. THEORY

For the purpose of performance evaluation of the HSt, the expander
efficiency M is defined as:

7’: —— P [a]
m !h] - h?s’ (‘-)
where ¢ = shaft output power
m = flow of fluid through the HSE
h, = specific enthalpy of fluid entering the HSE at inlet pressure
Py and iniet temperature tj
and hyg = specific enthalpy which would result from the isentropic

expansion of the fluid from the HSE inlet condition to the outlet
pressure p2. The value of hpg is calculated from hy and

the thermodynamic properties of the fluid at the irlet and ovtlet
pressures.

" m, and hy must be determined experimentally.

This is the standard equation for turbire efficiency under steady-state opera-
tion which is equal to the ratio of the actual work done by the expanding fluid
to the work of an ideal expansior. over the same fressure interval.

Prior to the 15,y testing, the question was raised as to whether *throttling
losses in the throttle, or f1w control valve, of the expander were significant.
As a means of resolving the question, a pressure tap was installed in the throat
of the throttle for the 1979 tests by drilling a passage throug: the throutle
gate and control rod to a pressure transducc.' designated as pp. This permitted
calculating expander efficiency on the basis of pressure pp actually entering
the rotor pocket A (see Figure 2-1) rather than on the basis of the upstream
pressure py ncrmally used. If throttling losses are significant, the calcula-
tion based on pp should bies the calculated efficiency in favor of the expander
since kinetic energy ga.nod by the fluid during throttling imparts momentum to
the rotors, resuiting in an uimeasured bonus for this calculation. Measurement
of pressure pn, and the calc ‘ation of efficiency based thereon. were included
in some of th~ 1979 tests, nris efficiency is designated &. effPd% by the
computer,
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Tmmediately after the 1979 testing, examination of the test datc and the
calculated results revealed that under some test conditions of high expander load
the measured exhaust pressure pp varied erratically, perhaps from buffeting by
exhaust fluids issuing underexpanded from the exhaust ports. Therefore, the
expander machine efficiency was calculated also on the basis of the state of the
exhaust fluids determined by cemperature tp rather than pressure pp since the
temperature measurement was not similarily affected. Efficiency so calculated is
designated as eff2% or effT2% by the computer to contrast it with eff%, the
2x7ander efficiency based on pressure. The pressure-based eff¥ is preferred for
il11 1978 tests and for all 1979 tests having steady exhaust pressure measure-
ments.

B. TEST "ROCESS 't!' uAMENTALS

The +eans of determining P, m and h; in the efficiency equation depends on
the test process selected. The measurement of the shaft power, P, by torque and
rpm transducers was considered. In fact, the HSE shaft coupling to the speed
reducer was provided with a removable section to permit insertion of these
trar-aucers. However, since the HSE drives an alternator whose electrical power
cutput, Pa, can be measured accurately, this method was selected on the basis
of cost and reliability. This led to the requirement that the alternator losses,
a, and the gear box losses, b, be determined as a function of operating
conditions of power factor and load. Thus,

P=P,+tath (3)

(This usage of a and b is not related to the a(J) and b(J) calibration coeffi-
cients discussed earlier in Section II.E.3.)

The alternator and gear box lossas were determined from data obtained from
the original equipment manufacturer. The alternator losses were actually
measured in a comprehensive calibration prior to delivery; the gear box losses
were calculated for each of the three gear sets from a computer program based on
theories of bearing and gear mesh losses. The loss data and derivations of
expressions for a and b are contained in Reference 3 and are summarized in
Appendix G.

The above expression for shaft power P is not exact. It ignores the
7-1/2 hp (5.6 kW) load of the oil pump which was installed on the gear box. This
pump load is independent of power plant load and varies with the temperature of
the oil and the pump rpm. These parameters were maintained constant during the
testing., The pump supplies o0il for the HSE and the gear box. If the pump
supplied only the gear box, it would be correct to add this load to the gear box
losses, giving the HSE credit for this added power output. If the pump supplied
0il only to the HSE, it would be proper to ignore this power output, treating it
as a parasitic load as if the gear pump were actually installed on or within the
HSE. The fact that the pump serves both equipment items means that the calcu-
lated HSE performance is penalized by the pump contribution to the gear box. On
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the other hand, the HSE imposes parasitic electrical loads on the power plant 1n
order to operate. These loads include battery charger, grease injection motor,
oil booster pump and o0il purifier starting in 1979, a share of the 0il cooling
fan, etc. The parasitic loads were typically about 3 to 4 kW total, including
the gear box share of the 0il cooling fan and the air compressor for the automa-
tic pipeline values. The calculated HSE performance receives a credit for its
share of the parasitic electrical loads because they were not subtracted from the
shaft output power. The penalty and credit offset one another; the difference is
small, and has been ignored in the calculation of the HSE efficiency. The error
is negligible, especially at large plant load.

The inlet enthaipy h; must be determined by indirect measurement, and in
the typical case of two-phase flow, so also must the flowrate m. It was recog-
nized early in this ®roject that these two quantities could be determined by
measurements made either upstream or downstream from the expander. For measu-e-
ments upstream, the two-phase flow can be separated into vapor and liquid str-ams
whose flowrates and enthalpies can be determined. The two streams can be
recombined to give a stream of known flowrate and enthalpy to the expander.
Thus,

m = ﬁv + ﬁf (4)
and
ﬁhl = &vhv + ﬁfhf (5)
or
- mvhv + mfhf
TR R )
v °f

where v refers to the vapor stream and f refers to the liquid stream. Since the
two streams are at saturation, the enthalpy 0V each can be determined from tables
or equations of the thermodynamic properties of steam and water by meisuring the
temperature or pressure. Thermodynamic coarrections for salts in the liquid or
noncondensable gases in the vapor can be made if their concentrations are signi-
ficant.

The calculation ~f the efficiency by downstream measurement is similar to
the above. For an act . expander, the sum of *he power output and the thermal
losses equals the product of the fluid flowrate and the actual change in the
specific enthalpy of the fluid passing through the machine, or

P + losses = m{hy - hy) (7)
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Thus,

P + losses
h = "I b —
17" " (8)

In this work, thermal losses were negligibly small, so

hy = h2 + (9)

He|©

As with upstream measurement, the exhaust stream can be separated into two
single-phase streams for determining hy and m, or cooling water at measured
flowrate and temperature can be mixed with the exhaust to condense the steam in
preparation for measuring the resulting flowrate and temperature. This latter
treatment is compatible with the use of a contact condenser for vacuum operation.
It is included in the calculations discussed in the following text.

The above analysis served as the basis for all process design strdies made
in this Project. To support the process design studies, calculations were made
of mass flowrates and ccoling water flowrates as a function of inlet pressure,
inlet steam quality, exhaust pressure, and cooling water temperature for assumed
machine efficiencies of 60 and 70% and a load of 1000 kW. The calculated results
are independent of expcnder type for the selected parameters and are of general
use in process planning (Appendix H). The selected ranges of interest were inlet
pressures to 650 psia, inlet steam quality from O to 25%, exhaust pressure at 1
atmosphere or 3 psia, and cooling water temperatures of 80 and 100 F. From these
calculations, in conjunction with process studies, a proposed test matrix for
noncondensing operation was prepared of test points believed at the time to be
attainable and adequate to permit a reasonable evaluation of the performance
characteristics of the HSE (see Appendix I). (Thic matrix for noncondensing
operation was submitted by JPL as a formal test plan and was approved by ERDA.

It was later modified in the field to conform with available test conditions.)
The process design studies served as a basis for defining test site requirements,
and greatly simplified the site selection process. Once the test site was
selected, the studies permitted evaluating tha process options versus the cost.

C. PROCESS OPTIONS

Several of the process options which were formulated and studied are
discussed below. These are grouped according to whether the flow and enthalpy
are determined downstream as in Process Nos. 1, 2 and 3 or upstream as in Process
Nos. 4, 5 and 6,

1. Process Number 1

Process No. 1 (Figure 5-1) is simple, not versatile and potentially
inaxpensive. Inlet fluid to the HSE is at constant enthalpy as determined by the
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well, and at variable pressure as determined by the pressure control valve. The
pressure control valve could be replaced with a set of orificies in parallel for
highly scaling brine. Cooling wat:r, at measured temperatures, is mixed with the
exhaust in an amount sufficient to condense the steam. Cost is minimized if the
cooling water supply, heat rejection and waste lisposal can all be provided by a
pond or lagoon. The temperature and flowrate o1 the combined flow downstream
from the HSE is measured after a saitable mixing length of pipe. The flgwrate
and enthalpy of the expander exhaust can then be calculated by a material and
energy balance in and out of the point of mixing. The process requires that
there be very little noncondensables for accuracy of flow measurement and
enthalpy determination, otherwise the residual vapor phase must be removed from
the combined flow stream and processed or measured separately. This minimum
budget process was considered as especially suitable for the Salton Sea KGRA
where a minimum of equipment would be an advantage. The process calculations
shown in Appendix H are based on this process.

2. Process Nimber 2

Process No. 2 (Figure 5-Z) separates the expander exhaust into vapor and
liquid streams for measurement. It requires a separator but no rooling water or
pump. Noncondensables are no problem; if they are known, suitahble corrections
can be made in the calculation. The process shares with Process No. 1 the
advantage of a wellhead installation but similarly ‘acks versatility. This
process was used for the 1980 testing in Mexico. T:st versatility can be added
to both Process Nos. 1 and 2 by installing a fractinonator between the well and
expander as shown in Process No. 3 (see Figure 5-3).

3. Process Number 3

Process No. 3 (Figure 5-3) uses a modified wellhead installation by
inserting a fractionator between the well and the expander. The purpose of the
fractionator is to allow bypassing either predominantly vapor or predominantly
liquid from the fractionator to waste in order to decrease or increase the steam
fraction of feed to the expander. The fractionator is essentially an inefficient
separator but is less expensive although not as versatile. The versatility of
the fractionator can be increased by throttling upstream of the fractiorator,

The supply pressure to the expander car be adjusted to pressures at or below
wellhead pressure by the combination of valve settings into and out of the
fractionator. A contact condenser installed downstream from the expander allows
operation of the expander with a range of exhaust pressures at atmospheric pres-
sure and below. Operating at exhaust pressures at and above atmospheric pressure
requires only the installation of a valve or other flow restrictor in the
expander exhaust pipe. A material and energy balance in and out of the condenser
by measurements on single-phase fluid streams, as indicated in the figure, suf-
fices to determine the expander flowrate and exhaust enthalpy.

This process was considered to be the best cho.ce for all suitable sites.
The installation is compact and very versatile. As-ociated processes such as
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spray cooling or waste disposal augmentation were recognized as possible site-
specific necessities. The design study of this process was based on the design
specifications of the HSE and not on the characteristics of any particular well,
Some of the design parameters are shown in Table 5-1. The process was the basis
of the planning for the proposed installation at Phillips' Well 13-10 in the
Roosevelt KGRA at the time the use of that site was believed to be possible.

The use of Well 13-10 was ruled out for two main reascns. The Project use
of this well would have interfered with the reservoir evaluation which was
scheduled by Phillips, and the contemplated tests were not compatible with
existing Bureau of Land Management authorizations obtained by Phillips.,
Therefore, Pnillips' invitation for this Project to make use of the FTF at nearby
Well 54-3 was very welcome. The neced to place the HSE approximately 400 feet
from the well and to repressurize the waste water for disposal, however, imposed
unexpected costs on the Project. These costs were reflected in the process
designs studied for testing at Well 54-3. The process designs were based on the
Phillips' specification of a 385-psia operating pressure for the FTF separator.

4, Process Number 4

Process No. 4 (Figure 5-4) is the simplest, least expensive and
potentially the most accurate method which was avai’able for testing the HSE at
Well 54-3, It entails receiving only liquid from the FTF and sending it
throttled or unthrottled to the expander for expansion to atmospheric pressure.
The liquid leaving the separator is saturated and, since its temperature can be
measured easily, its enthalpy can be determined from tis steam tables. A correc-
tiori can be made for the dissolved solids. Ideally, the enthalpy can be deter-
mined from the separator pressure, but the pressure of gaseous impurities, if
present, makes the pressure abnormally high. This can be checked by comparing
the pressure and temperature measurements. If heat losses from the pipe down-
stream from the point of measurement are small, the flow to the expander nearby
is essentially at constant enthalpy and so the inlet enthalpy hy is known. The
flowrate can be measured in the all-liquid state leaving the separator using an
orifice meter if the meter run is positioned to provide sufficient head to pre-
vent flashing in the meter. The pressure to the expander can be held constant at
or below separator pressure, less line losses, by means of the pressure-
regulating valve shown in the supply line near ihe expander. With the provision
for throttling the liquid from the separator, operating at the specified pressure
of 385 psig, the in'et conditions to the expander are shown in Figure 5-5 as the
solid curve of constant enthalpy which relates inlet pressure and steam quality.
If the separator can be operated at successively lower pressures, the curve
shifts, reaching the position of the dashed curve in the figure for a separator
pressure of 200 psia. Thus, any operating point on or between the curves can be
made available,
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Table 5-1. Process No. 3 Design Parameters

Helical Screw Expander Support Equipment

II.

Ii.

v,

Inlet Streams

Temperature, °F
Pressure at source, psia
Flow rate, 1b/h

Maximum
Maximum

Steam Quality at Expander
Inlet, wt %

Fractionator - Separator

Maximum Excess Steam, 1b/h
Maximum Excess Brine, Ib/h
Maximum Process Pressure, psia

Maximum Process Temperature, °F

Contact Condenser

Process Pressure, psia
Process Temperature, °F

Non-Condensibles, 1b/h
(200 ppm CO, in brine
20 ppm air i: cooling water)

Orifice Meter Runs

B, orifice diameter/pipe aiameter

Brine

280-500
50-650

200,000
10,000

0-20

40,000 (50 psia,

100,000
650
500

14.7 normal
3.0 minimum

212 normal
140 minimum

55 maximum

Cooling Water

0.70 maximum
0.15 minimum

100

atmospheric

600,000
30,000

280 °F)
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5. Process Number 5

In Process No. 5 (Figure 5-6) exhaust from the expander at atmospheric
pressure flows to a waste tank where the vapcr is vented to the atmosphere.
Liquid flows by gravity to a pump for repressurization so that the waste water
can be injected into the disposal line from the separator dowrstream from the
point at which it was taken for use by the expander. This pressurized waste
water provides a supply of low temperature waste water (approximately 200°F)
which can be injected in small amounts into the feedline to the expander, at a
suitable distance upstream from the orifice meter, to lower the temperature of
the feed stream and ensure against flashing in the orifice. For the Well 54-3
installation, the feed pipe to the expander rose in elevation 18 feet. This
presented the likelihood that flashing would occur in the pipe before the pres-
sure control valve because of the combined effects of pipe loss and elevation
gain. By increasing the recycled waste water flow it is possible to lower the
enthalpy of the feed stream sufficiently to prevent flashing before the pressure
control valve. This possibility soon led to the realization that the amount of
recycled water could be increased as desired to degrade the feed enthalpy to any
suitable value between the enthalpies of the separator liquid and the waste water
stream. The implementation of this concept is shown in Figure 5-6 as Process
No. 5. In this Project, fluid feed to the HSE, which has been cooled into the
compressed liquid region, is reported as having a negative quality Q, with the
absolute value indicating the amount of subcooling in °F,

6. Process Number 6

If vapor from the separator in Figure 5-6 is fed to the expander in
controlled amounts along with the liquid, the operating conditions to the right
of the curve of Figure 5-5 become available. This is accomplished by Process
No. 6 (Figure 5-7). Process No. 6 requires the addition of the steam line, a
flow meter an” a flow control valve to the configuration of Process No. 5 at
corresponding added cost. The flowrate m and the inlet enthalpy h; of the
efficiency equation are then calculated by a material and energy balance with the
combining streams. Because this process is the one actually used for the testing
in Utah, it is discussed in more aetail below. Relevan* details of Process No. 5

apply.

Figure 5-7 shows schematically how the JPL expander test facility was inte-
grated into the Phillips' FTF. This integration is also shown in Figure 5-8
which is approximately to scale and more complete. It shows that there were
actually two waste tanks in series and two waste pumps in paralle', The process
parameters with the subscripts in Figure 5-7 and 5-8 were measured by the JPL
data system.

Except where noted, 6-inch diameter pipe was used throughout most of the JPL
expander test facility. Exceptions include a 24-inch diameter exhaust pipe from
the expander to the first waste tank, 10-inch diameter pipe for the wastewater
from the tanks to the pumps, and 4-inch diameter meter runs for the vorter-
shedding flow meters in the pump discharge system.
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As seen in an aerial view (Figure 5-9) and as discussed earlier, testing at
Well 54-3 with the FTF required that the expander be installed above and at a
considerable distance from the Well to allow the HSE to discharge into the
existing pit which was up-slope from the well. The water feed pipe from the FTF
to the point of mixing was 470- feet long and rose 18 feet in elevation; the
steam pipe length was 399 feet and rose the same amount. Some of this rise can
be seen in Figures 5-10 and 5-11.

Accurate test results require accurate measurement of the flcwrate and the
state of both feed streams at the point of mixing. Both stream flows m¢ and
my were measured by orifice meters made to ASME standards (see Appendix J).
(Senior Daniels meter runs were used to facilitate changing the orifice plates on
line, as shown in Figure 5-12.) As discussed under Process No. 4, the water meter
run was placed at a low elevation with respect to the separator to prevent
flashing in the meter. Provision<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>